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1. Introduction and Motivation
Microscopes have been used for centuries to investigate tiny objects. While conventional
microscopes base on optical principles using light or electron beams, scanning probe micro-
scopes use the near field interaction between a sharp tip and the sample surface. Therefore,
the sample is scanned line by line and the measured data is converted into a map of the sur-
face properties. Depending on the type of the interaction there are several types of scanning
probe microscopes, whereas the scanning tunneling microscope (STM) is the oldest of these
techniques and is especially suitable for investigating electronic and magnetic properties.
The idea of using a distance dependent tunneling current to image the surface topography
has already been presented by Young et al. in 1972 [1], but due to technical problems the
so called topografiner was not very practicable. A successful breakthrough was achieved by
Binnig and Rohrer in 1982 by the invention of the STM [2] and since then the STM evolved
into one of the most powerful tools for analyzing topographic and spectroscopic properties of
sample surfaces down to the atomic scale. Due to the direct access to the local density of states,
this leads to a detailed microscopic understanding of electronic interactions [3]. With the help
of magnetic probe tips using spin polarized scanning tunneling spectroscopy (SP-STS), even
the investigation of spin interactions on the atomic scale is possible [4, 5].
This thesis mainly consists of two parts. The first part is the construction of a high resolution
STM. The STM built during this work operates at ultrahigh vacuum (UHV) at temperatures
of T = 5 K and at magnetic fields up to B = 7 T. The magnetic field is created by three
independent magnets and, therefore, it is rotatable in three dimensions (B = 7 T perpendicular
to the surface, up toB = 3 T in one direction parallel to the surface and up toB = 0.5 T in any
other direction). This allows to determine the full map of magnetic anisotropies for individual
nano-entities including, in principle, single magnetic surface adsorbates [6, 7]. Although an
increasing number of low-temperature UHV-STMs combined with a magnetic field are used
in research [8–17], instruments providing a rotatable magnetic field are still relatively rare.
The very compact design of the microscope leads to high resonance frequencies increasing
the stability of the instrument. This ultimately improves the z-noise down to 0.3 pm peak-
to-peak with and without magnetic field. An additional new feature of the microscope is
the piezo-driven sample positioning stage. In combination with an optical microscope, it is
possible to position the tip on prestructured samples with an accuracy of 5µm prior to the
measurement.
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2The second part of this thesis focuses on the investigation of graphene nanomembranes on
a SiO2-substrate. The truly two-dimensional material graphene is an ideal candidate for na-
noelectromechanics due to its large strength and mobility. Nano-electromechanical systems
(NEMS) are promising, e.g., as ultra-low mass detectors, where one measures the shift in
resonance frequency of a micro- or nano-object, when a particle adsorbs onto it. Mostly, sil-
icon nano-beams with sensitivities down to attograms are used so far [18–21]. For further
improvement of mass sensitivity, the most direct approach would be to use lighter, e.g., thin-
ner oscillators. Graphene with its thickness of one atomic layer and its extreme mechanical
strength [18, 21–23] could be ideal. Indeed, for this purpose resonators using double layer
graphene have already been demonstrated implying a mass sensitivity down to 4.5× 10−22 kg
[18]. The highest sensitivity so far is found for a double wall carbon nanotube, which exhibits
resonance frequency shifts compatible with the mass of one gold atom [22].
In this work, a graphene monolayer on SiO2 [24] is studied using the newly built STM.
Several movable areas within the valleys of the intrinsic rippling [25, 26] have been found,
exhibiting an extremely small size of 6 − 21 nm2 (230 − 800 carbon atoms). These natural
nano-membranes show either a hysteretic or a reversible deflection in response to the tip bias
or to a change in tip-graphene distance. The areas can be forced to oscillatory motion by an
ac-field. Both, the bistability and the oscillatory motion are reproduced using the clamped
membrane model [27–29], which includes electrostatic and van-der-Waals (vdW) forces of tip
and substrate.
The resonance frequencies of the nano-membrane are deduced up to 400 GHz corresponding
to a vibronic energy of 1.7 meV. Such a large value might provide easy cooling to the ground
state leading to a novel access to quantum-mechanical manipulation of vibrons [30, 31] or,
in combination with the low membrane mass, to ultra-sensitive mass detection, which likely
goes down to a single hydrogen atom.
2. Working principle of a scanning
tunneling microscope
2.1. Theoretical Background
In this chapter, the basic functionality of a STM is explained. Therefore, in section 2.1.1
the physical principles of the quantum-mechanical tunneling effect will be described and af-
terwards in section 2.1.2 the concrete implementation in a scanning tunneling microscope.
Afterwards, there will be a brief overview over the different measurement modes of an STM.
2.1.1. The Quantum-Mechanical Tunneling Effect
The fundamental principle of a scanning tunneling microscope is the quantum-mechanical
tunneling effect. This effect was first discovered by Robert Williams Wood in 1897 [32] during
field emission experiments, but it could not be described theoretically before the invention
of quantum mechanics. The tunneling effect describes how it is possible for a particle to
overcome an energy barrier with a certain probability even when in classical view its energy
is too low. It “tunnels” through this barrier. The probability of this propagation depends on
the wave function ψ of the particle and on the solution of the time independent Schrödinger
equation for this case. In figure 2.1 this is shown for a one dimensional barrier. The particle,
e.g. an electron approaches the barrier from the left side with an energy E < V0. In this case
the time-independent Schödinger equation looks like this:[
− ~
2
2me
d2
dz2
+ V (z)
]
ψ(z) = Eψ(z) (2.1)
The solutions for the three regions have the following form:
ψI = A1e
ikz +B1e
−ikz z < 0 (2.2)
ψII = A2e
−κz +B2eκz 0 < z < d (2.3)
ψIII = A3e
ikz z > d (2.4)
with k = 1~
√
2mE und κ = 1~
√
2m(V0 − E) whereas the parameters A1−3 describe the
incoming waves and the parameters B1,3 the reflected parts of the wave function. As shown
in figure 2.1 the wave function shows an oscillatory behavior outside the barrier and an expo-
nential decay within. Taking the boundary conditions at z = 0 and z = d into account leads
to a solution of the system of equations and one gets the transmission coefficient T , which
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Figure 2.1.: The one dimensional tunneling effect. (a) Classical reflection of an electron at an
energy barrier. (b) Tunneling of an electron wave function.
describes the relation between transmitted and incoming current density jt und ji:
T =
|A3|2
|A1|2 =
jt
ji
=
[
1 +
(k2 + κ2)2
(4k2κ2) · sinh2(κd)
]−1
, (2.5)
In the common case of a high barrier (V0  E) this simplifies to:
T =
16k2κ2
(k2 + κ2)2
e−2κd. (2.6)
In this model it is assumed that the electron has the same energy after the tunneling than before.
This is called elastic tunneling. In real systems, it is also possible for an electron to do some
inelastic scattering, loose some of its energy and create a photon, a phonon or a magnon. But
because of these processes being very rare under normal conditions they are neglected here.
Although this is a too simple model to quantitatively describe an STM–experiment, it already
shows the exponential dependence of the tunneling current on the thickness of the barrier.
Using standard tunneling conditions (V0 − E ≈ 1 eV, d ≈ 5 Å) this exponential dependence
leads to a drop in the tunneling current of one order of magnitude for an enlargement of the
tunneling gap of one Ångström. This effect makes scanning tunneling microscopy a good tool
for local surface measurements with sub–atomic resolution.
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2.1.2. The Scanning Tunneling Microscope
Figure 2.2.: Tip geometry in the Tersoff–Hamann–Model: A spherical tip above a plane sur-
face.
In order to describe the tunneling junction between a conductive sample and a tip, J. Tersoff
and D. R. Hamann developed a model [33,34], the so called Tersoff–Hamann–Model (THM).
In this model the tip is described as a local spherical potential with a radius R (see figure 2.2).
According to a perturbation theory ansatz from Bardeen [35], which describes the tunneling
current by the overlap of the wave functions of two weakly interacting systems, the THM
results in:
I =
2pie
~
∑
µ,ν
f(Eµ)[1− f(Eν + eU)] · |Mµν |2δ(Eµ − Eν) (2.7)
In this equation f(E) is the fermi function1, U the applied voltage, Mµν the tunneling matrix
element of the states ψµof the tip and ψν of the surface, andEµ is the energy of the undisturbed
state ψµ. The delta function restricts the equation to elastic tunneling (energy conservation).
In case of low temperatures (T  room temperature) and small tunneling voltages, equation
2.7 further simplifies to:
I =
2pi
~
e2U
∑
µ,ν
|Mµν |2δ(Eµ − EF )δ(Eν − EF ), (2.8)
where EF means the fermi energy. The problem is now the determination of the matrix ele-
ment, which squared value describes the tunneling probability. Bardeen showed [35] that the
matrix element can be written like this:
Mµν = − ~
2
2m
∫
d~S(ψ∗µ~∇ψν − ψν ~∇ψ∗µ), (2.9)
1f(E) = (1 + exp[E/kBT ])−1, kB is Boltzmann constant, T is the temperature
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whereas the integration is done over an arbitrary area inside the vacuum barrier. Assuming a
spherical tip with a radius R and a center ~r0 (figure 2.2), the same work function Φ for tip and
sample, and exclusive participation of s-like states (no angular momentum) one gets:
I =
32pi3e2Φ2R2
~κ4
Uρs(EF )e
2κR · ρp(EF , ~r0), (2.10)
with a local density of surface states (LDOS) at the position of the tip
ρp(EF , ~r0) =
∑
ν
|ψν(~r0)|2 · δ(Eν − EF ). (2.11)
The exponential dependence of the tunneling current on the distance according to equation 2.6
returns here in form of the decay of the density of states into the vacuum:
|ψν(~r0)|2 ∝ e−2κ(R+d) (2.12)
with d being the tip-surface distance. Using equation 2.10 leads to:
I ∝ U · e−2κd (2.13)
This relation is a useful approximnation for most sample materials. Nevertheless, due to the
unique band structure of graphene, which is described in chapter 3.2.3 the current is propor-
tional to U2 instead of U . Keeping the change of the sign at 0 V, equation 2.13 transforms
into:
I ∝ U
3
|U | · e
−2κd (2.14)
2.2. Topography Mode
In topography mode, the tip is being moved across the surface at a distance of a few ångströms
(10−10 m) as shown in figure 2.3 so that a small tunneling current is flowing. Depending on the
measurement mode this current is either measured directly (constant–height–mode) or is used
as the input signal for a feedback loop which controls the tip–sample–distance by keeping
the current constant (constant–current–mode). The damping of the feedback loop has to be
adjusted in that way, that neither the height differences are smeared out nor the feedback
loop starts oscillating. For every point of the image, the elongation of the piezo scanner and
the difference between the measured and the setpoint value of the current is recorded. This
leads to a three–dimensional image of the sample surface. This surface of constant tunneling
current can be interpreted according to equation 2.10 as a surface of constant density of states.
Therefore, the following assumptions need to be made:
• only elastic tunneling (energy conservation).
• only small interaction between tip and sample.
• no influence of the spin ~s.
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Figure 2.3.: Schematic view of a scanning tunneling microscope in constant current mode.
The recorded current signal is used to generate a control voltage for the piezo tube in order to
keep the current constant.
• s-like tip states.
• small tunneling voltages (U  Φ).
• no influence of temperature (T ≈ 0K).
• similar work functions ΦS und ΦP .
The THM allows a quantitative interpretation of the measured data, although not all of the de-
scribed assumptions are always fulfilled in real measurements. For example the requirement of
s-like tip states is not fulfilled in case of the most common tip materials tungsten and platinum-
iridium. The contributing states at the fermi level are mostly d-like [3]. An expansion of the
model to orbitals with higher momentum has been proposed e.g. by Chen [36].
2.3. Spectroscopy Modes
Alongside to topographic imaging as shown in chapter 2.2 by STM, different modes of spec-
troscopy are also possible. In spectroscopy mode, the lateral position of the tip stays constant
while the tunneling current is recorded with respect to the change of some other parameter.
For this work we used I(U)– and I(z)–spectroscopy, so these two modes will now be described
in detail:
2.3.1. I(U)–, respectively dIdU (U)–Spectroscopy
In I(U)–spectroscopy mode, the lateral and vertical position of the tip stays constant with re-
spect to the sample. The current is measured while the applied voltage between tip and sample
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is varied. By using an additional Lock–In amplifier, it is possible to measure the first deriva-
tive dI
dU
simultaneously.
The basic principle of the tunneling spectroscopy is the dependence of the tunneling current
on the density of states of the tip and the sample according to equation 2.10. An exact solution
for greater bias voltages is much more complicated, because of the dependence of the states
Ψt and the corresponding energies on the applied voltage [37]. Assuming undisturbed states
Ψt and energies Et, the bias voltage only leads to a shift of eU in equation 2.10 and the total
current is given by an integral over the energy shift:
I ∝
∫ eU
0
ρs(EF − eU + ε) · ρt(EF + ε) · T (ε, eU)dε (2.15)
whereas ρt and ρs describe the LDOS of the tip respectively the sample and T is the trans-
mission coefficient of the tunnel barrier. Assuming a constant LDOS of the tip and a weak
dependence of T on U , which is realized at small bias voltages, the derivative of the tunneling
current is proportional to the LDOS of the sample:
dI
dU
∝ ρs(EF − eU). (2.16)
In this approximation, the differential conductivity is a direct indicator for the LDOS of the
sample.
At finite temperatures an additional thermal broadening of the measured states has to be taken
into account, which is important to consider even at very low temperatures. Furthermore, the
applied modulation voltage Umod of the lock-in amplifier leads to a broadening as well. The
total energy resolution ∆E of the experiment is given by [38]:
∆E =
√
∆E2therm + ∆E
2
mod ≈
√
(3kBT )2 + (2.5 · eUmod)2. (2.17)
This means that features within the LDOS which have a separation smaller than the energy res-
olution are hardly detectable by STS. In order to increase the resolution, both the temperature
T and the modulation voltage Umod have to be decreased as much as possible.
2.3.2. I(z)–Spectroscopy
I(z)–spectroscopy is quite similar to I(U)–spectroscopy regarding the measurement process.
The lateral position of the tip stays constant and the tunneling current is measured as a function
of a second parameter, in this case the tip–sample distance z. Therefore, after stabilization the
feedback loop is switched off and the voltage applied to the z–piezo of the scanner is ramped.
With this technique, one can measure the exponential decay of the tunneling current with
distance as described in equation 2.13. Normally, the decay is about one order of magnitude
per Ångström depending in detail on the work functions of the involved materials. In this
thesis, the I(z)–spectroscopy is used for determination of the total distance between tip and
sample and for characterizing the snapping behavior of the graphene membrane (see chapter
7.2.1. This is done by fitting the I(z)–curves and assuming contact when the conductance
reaches the conductance quantum G0 = 2e2/h [39].
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2.4. Work Function and Electrostatic Force
The electrostatic force between tip and sample results from the electric field. Without applied
voltage, this field originates from the different vacuum levels of the two sides which come
from different work functions ΦT ind ΦS ,i. e. different positions of the Fermi level, in both
materials. In figure 2.4, this is shown for different applied voltages in the case of ΦT > ΦS .
Figure 2.4.: Schematic view of the tunneling barrier at different applied voltages to the sam-
ple.(a) No applied voltage, the electric field originates from the difference of the work func-
tions. (b) A positive voltage further increases the electric field. (c) A large negative voltage
overcompensates the work function difference and also leads to an electric field. (d) Only
when the applied voltage matches the work function difference, no field ist present.
Figure 2.4(a) shows the situation without an applied voltage. The Fermi level of both materials
is equalized, i. e. there is no current flow, but, because of the different work functions,
an electric field exists which drops from the tip to the sample. In figure 2.4(b) there is an
additional positive voltage applied to the sample so that a tunneling current can flow from
occupied tip states into unoccupied sample states. The electrical field shows into the same
direction, but it is grown. In case of a negative potential at the sample as shown in figure
2.4(c), a tunneling current flows from occupied sample states to unoccupied tip states. If
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the applied voltage is bigger than the difference of the work functions, the electrical field
changes its direction and drops now from sample to tip. Only when the applied voltage exactly
compensates the difference in the work functions there is no electric field between tip and
sample although there is still a current flowing (figure 2.4(d)).
As said before, the height of the barrier is important for the tunneling process. This height can
approximately be described as an effective barrier height calculated from the work functions
of tip and sample. As shown in figure 2.5 the effective barrier height is given by the distance
Figure 2.5.: Schematic view of the effective barrier height, which depends on the work func-
tions of the tip ΦT and the sample ΦS and the applied voltage U .
between the fermi energy of the negative electrode and the work function at the center of the
barrier. This can be expressed by the following equation:
Φeff =
ΦT + ΦS
2
−
∣∣∣∣eU2
∣∣∣∣ (2.18)
2.5. Tip Preparation
All tips used in this thesis are either made of Platinum-Iridium alloy by tearing or they are
etched electrochemically from a tungsten wire. The Platinum-Iridium tips are only used for
measurements at ambient conditions. They have the big advantage, that this alloy is very inert
and, therefore, usable in air. For preparation, the wire is held by two pliers and carefully
torn apart. With this technique, one normally gets a relatively sharp tip due to the material
becoming very thin at the end of the tip.
In order to prepare a better defined tip for usage in UHV-measurements, a tungsten wire of a
diameter between 0.2 and 0.5 mm is etched using a sodium hydroxide (NaOH) solution. These
tips have a very defined shape and a diameter of the apex of about 100 nm as shown in figure
2.6. As a result of the rolling of the wire during the production process, the front plane of the
tip is a W(110) surface [40]. Before inserting the etched tip into the tip holder (see figure 5.6)
and both into the tip transporter it is cleaned with distilled water.
If a magnetic tip is needed for the measurements, which is not the case in this thesis, the tip
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Figure 2.6.: Image of an etched tungsten tip taken with an electron microscope.
has to be heated in the electron heater (chapter 4.1.1) up to 2000 K2 and coated with magnetic
material in the right preparation chamber (chapter 4.1.2). After the tip is mounted into the
STM, its state is probed by performing STM and STS measurements on a clean surface. If
the obtained images show artifacts that lead to the conclusion that the tip is blunt or shows
multiple micro-tips it is further prepared by voltage pulses or field emission. During pulsing,
a pulse of a few volts is applied to the tip for several milliseconds at a relatively close tip-
sample distance, which results in loss of tip material and, therefore, a different shape of the
tip apex. If this does not lead to a stable tip, one connects an external voltage supply to the
system and applies a voltage up to 100 V between tip and sample. This results in a strong
electric field and, therefore, lots of material will be dropped by the tip onto the surface. These
two procedures can be repeated until a stable tip configuration is reached.
2.6. Low Temperature STM
At the moment, several UHV-STM systems are known which operate at a temperature of
5 K. Likewise, there are also systems operating at even lower temperatures, using relatively
complicated cooling mechanisms, such as pumping on a 3He condensate or intermixing 4He
and 3He. Using these techniques it is possible to achieve temperatures down to 250 mK or
20 mK respectively [41]. In 5 K systems, such as described in this work, only 4He is used as
cooling medium, which makes the design of the cryostat much easier compared to subkelvin
systems. Nevertheless, in principle, it is possible to reach temperatures down to about 1 K by
pumping on the helium vessel.
To achieve stable topography and spectroscopy measurements with subatomic resolution,
it is necessary to have sample surfaces which are free of adsorbates. This is only possible, if
2To avoid melting of the tip and the transporter both are made of Molybdenum (TMomelt ≈ 2900K)
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the microscope is mounted inside a vacuum chamber providing a pressure of p < 10−10 mbar.
This pressure can be reached by baking the UHV insert to about 150 ◦C prior to the cool-
ing procedure. When cooled down, the insert itself acts as a pump, because all residual gas
molecules stick to the walls. This leads to a pressure inside the microscope of p < 10−12 mbar.
To avoid the sample surface being contaminated before being inserted into the microscope, the
whole preparation procedure has to be done in vacuum as well. Depending on the sample these
procedures can include sputtering, heating, crystal cleaving or material deposition. Therefore,
all the facilities for these procedures have to be installed in a UHV-system, connected to the
STM chamber, in order to allow a transfer of the clean sample into the microscope.
Many low temperature STMs are equipped with a superconducting magnet [8–17], which
allows studying the magnetic properties of the sample, such as e. g. domain walls or anisotropies.
The basic principle of this technique is the spin polarization of the tunneling current by the
magnetic material3. Therefore, the STM tip is coated with a magnetic material, which has also
to be done inside the vacuum, in one of the side chambers. The tunneling current shows now
an additional contrast depending of the relative orientation of the magnetic moments of tip
and sample. Due to the anisotropy of the tip being usually smaller than the anisotropy of the
sample, it is possible to change the tip orientation by applying a small external magnetic field.
The maximal magnetic signal is measured, when the two spin orientations are aligned and the
minimal signal, when they point into opposite directions. All instruments mentioned above
only provide a magnetic field perpendicular to the sample surface, so that it is not possible to
align the tip magnetization in the plane of the sample. Nevertheless, there are few systems
which also allow magnetic fields parallel to the surface. This can be either done by a second
magnet designed as a split-coil pair [42, 43] or by rotating the whole microscope inside the
field [44], but all these systems only allow the rotation of the magnetic field along one axis
and, therefore, are restricted to two dimensions. The system presented in this thesis one of
the first ones published [45], which contains a fully rotatable field in three dimensions. This
has been realized by a solenoid coil and two split-pair magnets, providing a maximum field
of B = 7 T (3 T) perpendicular (parallel) to the sample and a maximum of B = 0.5 T in any
direction. Almost simultaneously a second instrument has been published, which uses three
independent split-pair magnets to achieve fields up to B = 5T (1.3 T) [46]. Up to now, these
two systems are the only ones known to allow a fully three-dimensional magnetic field.
The design of the STMs, operating at cryogenic temperatures, also differs between the
different systems mentioned above. Whereas the scanning principle is similar in all designs,
the coarse approach can be realized in many different ways. For the scanning motion all
known instruments use a piezoelectric tube scanner with several electrodes for the different
directions. Applying a voltage to these electrodes leads to a bending of the piezo tube and, with
one end of the tube being fixed to the microscope body, to a movement of the attached tip. The
coarse approach is responsible for decreasing the tip-sample distance from several millimeters
down to a few nanometers. Therefore, either the tip or the sample has to be moved with an
appropriate accuracy. This can either be realized mechanically by a fine screw [9, 11, 43],
which is also the principle Binnig and Rohrer have chosen for their first STM in 1982, or it
can be done by different types of piezoelectric drives. For these drives, there are a few well-
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established designs, which are the so called beetle-design, the inchworm, or the Pan-design.
In the beetle-design (e. g. [10]), a triple-helix sample holder lies upon three piezoelectric
tubes, which surround the scanning piezo. An applied saw-tooth voltage to the three piezo
tubes leads to a rotation of this sample holder and, due to its special shape, to an approach of
the sample towards the tip. The inchworm approach drive [47, 48] only consists of one piezo
tube sitting on an exactly fitting rod, which can be clamped on both ends using additional
electrodes. By an intelligent controlling of these two clamps and the elongation of the piezo
tube, it is possible to achieve a precise movement along the rod. The Pan-design [12], which
is also used for the microscope built in this thesis, consists of a sapphire prism, clamped by six
shear piezo stacks. Applying a saw-tooth voltage to the piezo stacks also leads to a stepwise
movement of the prism, which contains the scan piezo tube. Although these three designs are
the most common ones, there are also several other types or variations of these concepts in
use.
One of the great advantages of an STM operating at cryogenic temperature compared to
one operating at room temperature is the much better resolution. This includes the energetic
resolution and the lateral resolution as well. The energetic resolution at room temperature is
mainly dominated by thermal broadening of the investigated features due to the Fermi distri-
bution of the probing electrons. The energy resolution can be roughly approximated by 3kBT ,
with kB = 1.38 × 10−23 JK denoting the Boltzmann constant, which is about 75 meV at room
temperature and 1.3 meV at 5 K. The lateral resolution is depending on the stability of the
instrument. Therefore, a compact design with high resonance frequencies is as important as a
thermal equilibrium between tip and sample. The thermal expansion of the mechanical com-
ponents of the microscope leads to a drift between tip and sample, which is in general much
smaller in low temperature STMs than in room temperature STMs. Stabilizing the STM tip on
top of a certain atom for several hours is not a big challenge for a cryogenic STM, while it is
almost impossible at room temperature without readjusting. Several other parameters can also
decrease the resolution of the instrument, such as electrical noise or mechanical vibrations.
To minimize these influences, it is necessary to put a lot of effort into insulation and electrical
shielding as described in detail in the chapters 4.3 and 5.3. The typical z-noise of an STM
operating at 5 K is in the range of a few picometer (e. g. [42]).

3. Analyzed Samples
3.1. Samples for Test Measurements
In this chapter, the theory for the samples which were used for calibration and test mea-
surements will be described. These samples are a HOPG(0001) (Highly Ordered Pyrolytic
Graphite) and a gold(111)–surface for measurements under ambient conditions and in vacuum
and, additionally, a tungsten carbide and an indium antimonide surface for UHV–measurements
only. Since these measurements are not part of the main topic of this thesis, only the necessary
characteristics and preparation techniques are described.
3.1.1. HOPG
HOPG is one of the standard samples used for STM test measurements. Due to its low reac-
tivity, it can be used in vacuum as well as under ambient conditions. Graphite in general and
HOPG in particular consist of a lamellar structure of stacked planes which have much stronger
binding forces within the lateral directions than between the planes (covalent bondings versus
van–der–Waals forces). This explains the characteristic cleaving properties where one can get
very clean atomically flat surfaces only using a small patch of tape. Each layer consists of
sp2-hybridized carbon atoms forming a hexagonal ring structure. This structure can be seen
Figure 3.1.: (a) Schematic view of the alternating layer structure in HOPG. An atom of the
top layer has either a corresponding atom in the layer beneath or it has not. This leads to a
change in the electronic structure of the surface with a threefold symmetry. (b) Distances of
the atoms inside the layer. The two sublattices are indicated by different colors.
as a lattice with a base consisting of two atoms. When stacked, there are two possibilities
for the atoms, either there is an atom at the same position in the lower layer, or there is none
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(see figure 3.1). This leads to a threefold symmetry of the top layer which can be observed
by STM. The distance between two neighboring atoms is 0.142 nm and between two atoms of
the same sublattice it is 0.246 nm. This distance is used to calibrate the lateral piezo constants
of the STM scanner from images with atomic resolution. The distance between two layers is
0.335 nm, but since steps are very rare on HOPG surfaces and it tends to built multiple steps,
this value is not practical for determining the piezo constant in z-direction.
3.1.2. Gold
Gold is the second most used substrate for STM measurements under ambient conditions,
because it also has a very inert surface. Gold can either be obtained as a single crystal or,
much cheaper, as a small layer on top of a substrate like mica or glass. The samples used in
Figure 3.2.: (a) Schematic view of the used gold samples. (b) Lattice structure of gold.
our test measurements were made by depositing gold on 0.7 mm thick borosilicate glass [49].
On top of the glass substrate there is a thin (2.5 ± 1.5 nm) chromium layer serving as an
adhesive and then a 250 ± 50 nm thick gold layer. To achieve (111) terraces the sample is
prepared by flame annealing. Therefore, it is heated over a propane flame three times until it
glows dark red and cooled down for about 30 seconds in between.
Gold has a fcc (face centered cubic) crystal structure as shown in figure 3.2 with a lattice
constant of 0.408 nm [50]. This means the examined (111)-surface has a threefold symmetry
with an atomic distance of 0.288 nm and a step height of 0.235 nm. The step height was used
to calibrate the piezo constant of the microscope scanner in z-direction.
3.1.3. Tungsten Carbide
Another system examined in vacuum and at low temperatures is a tungsten carbide surface.
On this surface, we determined the noise of the z–signal of our measurement system. The
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sample we used was a tungsten(110) single crystal with a contamination of carbon, which
leads to a reconstructed W(110)/C-R(15× 3) surface [51].
3.1.4. Indium Antimonide
Indium antimonide is a III-V semiconductor with a very small bandgap of 0.235 eV [52].
In our case, it is used to demonstrate spectroscopic capabilities in magnetic field. For these
measurements, we used an n–doped InSb single crystal with a carrier density of about ND =
4 × 1015/cm3. The crystal was cleaved in–situ to receive a clean 110–surface. Due to the
crystal having a zincblende structure, the 110–surface features atomic rows of Indium and
Antimony in [1¯10] direction as shown in figure 3.3(a). To cleave the crystal, which has a base
size of 3× 3 mm2 and a height of about 20 mm, it is carefully cut with a low–speed saw about
two millimeters from one end so that it gets a small grove which works as a predetermined
breaking point. Afterwards the crystal is glued to the sample holder under an angle of 45
degrees as shown in figure 3.3(c). This alignment is necessary due to the orientation of the
Figure 3.3.: (a) Crystal structure of InSb. (b) Atomic configuration of the (110)-plane. In and
Sb atoms are differently colored. (c) Photograph of a InSb single crystal glued to the sample
holder before cleaving and a cleaved crystal. The red arrow marks the small grove cut by the
low–speed saw.
transfer rod within the load lock which also enters the left preparation chamber under an
agle of 45 degrees (see chapter 4.1.1). Afterwards, a screw is glued to the upper side of the
crystal, which has to be long enough to hit the inner wall of the load lock when transfered
into the left chamber. After baking out the load lock, the transfer rod is moved towards the
chamber and the screw applies an angular momentum to the crystal which then breaks exactly
at the prefabricated grove. The used adhesive for this procedure has to be UHV–compatible
and conductive. Therefore, we used Epotec E2101 [53], which is the same as used for the
assembly of the microscope (chapter 5.1). The so prepared InSb(110) surface is atomically
flat and easily exhibits atomic resolution.
Because the Debye length in semiconductors is relatively large compared to metals, one
gets a significant band bending at the surface induced by the STM–tip and depending on
the distance between tip and sample. This leads to a tip induced quantum dot below the tip
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which has several eigen states that can be observed by STS [54]. The origin of these quantum
dot states is primarily the work function difference between tip and sample resulting in an
electric field. The screening of this field by the charge carriers of the semiconductor leads to
a complete confinement in the conduction band. By applying an external magnetic field, the
quantum dot states merge into Landau levels of different spin orientation [55]. These Landau
levels have been used to demonstrate the spectroscopic capability and to get an upper limit for
the possible energy resolution.
The same InSb single crystal was also used for characterization of the movement of the
x–y–table. This was done due to the effect that adsorbates on the semiconductor surface lead
to an increased or decreased local conductivity depending on their charge. They can be seen
as bright or dark spots in a STM topographic image and can easily be used as markers for the
movement.
3.2. Graphene
3.2.1. General Basics
Graphene is a relatively new material consisting of one isolated layer of graphite. For a long
time, most physicists believed that two-dimensional (2D) crystals like graphene are not sta-
ble at finite temperatures according to the Mermin-Wagner theorem [56]. Graphene should
always roll up rather than stand free in a planar form. Nevertheless, Andre Geim and Kostya
Novoselov managed to extract single graphene layers from bulk graphite in 2004 and deposited
it on a SiO2 substrate [24, 57]. Since then, a lot of research on this field has started and many
scientists focused on this novel material due to its unique electronic and mechanic properties.
3.2.2. Preparation of the analyzed Sample
All the graphene images shown in this thesis were made on one graphene flake on silicon
dioxide. This sample was produced by mechanical exfoliation on a SiO2 substrate as described
elsewhere [24, 58]. A flake containing a monolayer region was identified with an optical
microscope and verified by Raman spectroscopy [25]. Afterwards a surroundig gold contact
was applied using e-beam lithography. The layout of the flake and the Raman-spectra are
shown in figure 3.4. Graphene on SiO2 exhibits a corrugation with a preferential wavelength
of about 15 nm in addition to the corrugation of the substrate, which has a longer range of
about 50 nm. A detailed analysis shows that the long-range corrugation of the substrate is also
visible on graphene, but with a reduced amplitude, leading to the conclusion that the graphene
is partly freely suspended between hills of the substrate as illustrated in figure 3.4(c) [25].
To remove residual resist from the lithographic process as well as other adsorbates, the
flake is heated at a temperature of 450 K for several hours directly before being placed into the
microscope at a base pressure of 2 × 10−10 mbar. The tip is positioned above the monolayer
region, which has an overall size of about 18× 26µm2, using a sample positioning stage and
an optical long distance microscope as described in chapter 4.1.3. All graphene measurements
in this thesis are done at 4.8 K.
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Figure 3.4.: (a) Optical image of the graphene flake consisting of Monolayer (ML), Bilayer
(BL) and Multilayer (Mul). (b) Raman spectra of the different areas (Laser: λ = 532.1 nm,
P = 5 mW). (c) Model of the freely suspended graphene flake on the SiO2-substrate.
3.2.3. Electronic Properties
Due to its two-dimensional structure graphene has a very unique band structure which can be
described within the tight-binding-model using the following dispersion relation [59]:
E(~k) = ±
√
γ20(1 + 4 cos
2(pikya) + 4 cos(pikya) · cos(pikx
√
3a)), (3.1)
with the nearest-neighbor hopping energy of γ0 ≈ 2.8 eV and a being the lattice constant.
Conduction and valence band, correspond to the different signs in the equation. This disper-
sion relation is illustrated in figure 3.5. The two bands only touch each other in six points,
Figure 3.5.: Band structure of graphene.
the K-points. Due to symmetry, only two of these six point are independent, K and K’, corre-
sponding to the two sublattices of graphene. In the vicinity of these points, the energy depends
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linearly on the wavenumber, similar to a relativistic particle. As a consequence, at low ener-
gies the electrons can be described by an equation which is formally equivalent to the massless
Dirac equation.
3.2.4. Mechanical Properties
Ever since the discovery of graphene by Novoselov et al. in 2004 [24] the mechanical prop-
erties of this new material have been of great interest and were the subject of study in many
experiments and theoretical calculations. Due to the covalent bonds of the sp2-hybridized
carbon atoms, the hexagonal graphene lattice shows a two-dimensional breaking strength of
about 42N
m
[27], which is a factor of 200 larger than that of steel. This makes graphene one
of the strongest materials ever tested. In contrast, the different layers in a graphite sample are
coupled to each other much more weakly, since they are only kept together by van-der-Waals
forces.
The behavior of circular graphene membranes under the influence of external forces has
been measured by several groups. Lee et al. have probed a graphene sheet lying on an array of
holes (1−1.5µm diameter). Therefore, they used the tip of an atomic force microscope (AFM)
[27]. They measured the applied force and calculated an elastic stiffness of E2D = 340 ±
30 N/m from the force-distance-curves, which corresponds to a three-dimensional Young’s
modulus of E = 1.0 TPa. Similar results have also been obtained by Bunch et al. by inves-
tigating the deflection of a membrane covering a cavity of 4.75 × 4.75µm2 size [23]. The
cavity was filled with helium gas and the deflection of the membrane was measured using an
AFM. They have calculated a two-dimensional Young’s modulus of E2D = 390 ± 20 N/m
from their data. This is in good agreement with theoretical predictions. Different approaches
for single-layered graphene sheets, such as ab initio calculations [60], lattice dynamics [61]
and atomistic simulations [62] all predict three-dimensional Young’s moduli of 1 TPa.
The strong and rigid nature of graphene sheets in combination with the low mass and the
monoatomic thickness makes them very suitable for use in NEMS1 applications, such as pres-
sure sensors or resonators [18, 63, 64]. According to molecular dynamics simulations (MDS),
resonators with a size of a few square nanometers would show a resonance frequency in
the order of ν ≈ 1 THz [65] with a quality factor of Q = 2500 at room temperature and
Q = 273000 at 3 K [66]. This may lead to the development of ultrasensitive mass detectors,
since the adsorption of one single hydrogen atom would result in a relative frequency shift of
∆ν/ν ≈ 10−4.
Graphene resonators have also been used to further examine the unique characteristics of
graphene. For example, to determine the thermal expansion coefficient αgraphene in the tem-
perature range down to 30 K [67]. The change of the resonance frequency due to a change in
tension induced by the temperature, has been used to measure the expansion coefficient. In
case of graphene, theory predicts this coefficient to be negative [68], and it is measured to be
−7 × 10−6 K−1 at room temperature and −1 × 10−6 K−1 at 30 K. Thus, in contrast to most
materials, a graphene sheet expands during cooldown, while the supporting substrate shrinks.
This can also induce tension in the flake and influence the corrugation described in section
1NEMS: Nanoelectromechanical systems
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3.2.2.
3.2.5. Nanomembranes
In most cases, forces between tip and sample play only a minor role in STM–measurements.
In this work, however, the movement of graphene nanomembranes under the influence of the
tip is analyzed and, therefore, a closer lock at the involved forces is necessary. The main
forces are the electrostatic force caused by the difference in the work functions and by the
applied voltage as shown in chapter 2.4 as well as the van–der–Waals–forces between tip and
graphene and between graphene and SiO2–substrate. Additionally, there is a retracting elastic
force of the graphene membrane. This will now be explained in detail.
Nomenclature
To describe the nanomembrane several different distances in the tip–graphene–substrate–
system are important. They are sketched in figure 3.6.
Figure 3.6.: Overview of the used parameters.
Electrostatic Potential induced by the Tip
The electrostatic potential Φel can be written as the potential of a capacitor where the two
electrodes are the tip and the graphene membrane. So it is given by:
Φel =
1
2
CmU
2
eff (3.2)
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R Effective tip radius
r Radius of the membrane
r′ radial distance (variable)
zsg Distance from the substrate surface
ztg Distance between tip and membrane surface
z0sg stabilization distance of the membrane center from the substrate surface
z0sg stabilization distance of the membrane center from the tip
zhillsg Hight of the membrene border above the substrate
zhilltg Distance of the membrane border from the tip
Table 3.1.: Description of the parameters from figure 3.6.
with the capacitance of the tip-membrane system Cm and the effective gap voltage Ueff to
be determined. Therefore, the system is approximated by a capacitor consisting of a sphere
with a radius R above a circular plate of radius r corresponding to tip and membrane, respec-
tively. The capacitance C for infinite membrane radius (r =∞) can be calculated analytically
resulting in [69]:
C = 4piεrε0R sinh
[
R cosh
(
ztg +R
R
)]
·
∞∑
n=1
arsinh
[
nR cosh
(
ztg +R
R
)]
, (3.3)
whereR describes the tip radius, εr is the dielectric constant of the material in between tip and
graphene, and ztg is the minimum distance between both surfaces. The capacitance has to be
modified for a finite extension of the membrane. Assuming a Gaussian–shaped charge density
σ(r′) = σ0 ·e−βr′2 inside the graphene sheet which has a maximum value of σ0 = εrε0Ueff/ztg
at r′ = 0 (plate capacitor model), integration over the area leads to the total charge:
Q = C · Ueff =
∫ 2pi
0
r′dφ
∫
0
∞σ0 · e−βr′2dr′ = piσ0
β
(3.4)
From equation 3.4 the parameter β can be determined as:
β =
piεrε0
C · ztg . (3.5)
Using this parameter in equation 3.4 and a finite size r of the membrane now leads to the
following correction term for the capacitance:
Cm = C
[
1− exp
(
−piεrε0r
2
Cztg
)]
, (3.6)
where C is the capacitance from equation 3.3. The effective voltage Ueff corresponds to
the applied tunneling voltage for sufficient conductive materials. In graphene, it has to be
considered that there are only few charge carriers at the Fermi level and a significant part of
the voltage drops over the graphene itself and, therefore, does not contribute to the electric field
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between tip and sample. This leads to a shift in the fermi level below the tip until the charge
carrier density is big enough to screen the electric field. Therefore, a potential drop also occurs
between the graphene membrane and the gold contacts of the voltage supply. According to
the linear dispersion relation of the graphene the two-dimensional charge carrier density can
be written as [70]:
n =
e2(U˜ − Ueff)2
pi~2v2F
, (3.7)
with U˜ = U − UC , where UC = Φtip − Φgraphene is the contact potential and U is the applied
external voltage. vF = 1, 1 × 106ms is the Fermi velocity in graphene and e the elementary
charge. In Equilibrium, the electric field is screened completely by the electrons and the charge
density directly below the tip can be approximated by:
ne = εrε0
Ueff
z+tg
. (3.8)
Here z+tg means the distance between the graphene plane and the center of mass of the lower
hemisphere of the tip, which has been chosen to apply the parallel plate capacitor model to a
geometry of a plate and a sphere. Combination of equation 3.7 and 3.8 leads to the following
expression for the effective voltage Ueff :
Ueff = U˜ +
α
2z+tg
−
√
α2
4(z+tg)
2
+
αU˜
z+tg
, (3.9)
α =
εrε0pi~2v2F
e3
.
Casimir/van–der–Waals Potential induced by the Tip
van-der-Waals and Casimir potential ΦvdW per unit area A between two materials is given
by [71]:
ΦvdW
A
(z) =
~
4pi2
∫ ∞
0
k⊥dk⊥
∫ ∞
0
ln
[
1− rgrrwe−2qztg
]
dω (3.10)
where rgr and rw denote the frequency dependent reflection coefficients of graphene and tung-
sten, respectively, k⊥ is the wave number parallel to the surface, ztg is the variable distance
between graphene and the tip apex (figure 3.6) and ω is the frequency (~: Planck’s constant).
The reflection coefficient of graphene can be calculated by [71]:
rgr =
c2qΩ
c2qΩ + ω2
, (3.11)
with Ω = 6.75× 105m−1, c = 3 · 108 m/s and
q =
√
k2⊥ +
ω2
c2
. (3.12)
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To determine the reflection coefficient of the tungsten tip, the frequency dependent dielectric
constant ε(ω) has to be used:
rw =
ε(ω)q − k
ε(ω)q + k
(3.13)
with
k =
√
k2⊥ + ε(ω)
ω2
c2
. (3.14)
The dielectric function can be approximated knowing the plasma frequency of tungsten ωp,W =
9.74× 1015 Hz [72]:
ε(ω) = 1 +
ω2p,W
ω2
. (3.15)
The total interaction potential ΦvdW,total(z) is determined by an integration of equation 3.10
over the circular area of the nano-membrane:
ΦvdW,total(ztg(r
′ = 0)) = 2pi
∫ r
0
ΦvdW
A
(ztg(r
′))r′dr′, (3.16)
where ztg(r′) denotes the vertical distance between tip and graphene at a lateral distance r′
measured from the center of the membrane. The van-der Waals potential ΦvdW,total, of course,
depends on the distance between tip apex and center of the membrane ztg(0). Assuming a
circular membrane with the measured radius r and a 2D-cosine shaped corrugation (see figure
3.6), as well as a parabolic tip with central radius R, ztg(r′) can be described as:
ztg(r
′) =
r′2
2R
+
[
ztg(0)− zhilltg
]
cos2
(
pir′
2r
)
+ zhilltg . (3.17)
Now equation 3.10 can be integrated numerically.
Casimir/van–der–Waals Potential induced by the SiO2–Substrate
The interaction potential between graphene and the amorphous SiO2-subtrate ΦvdW(sg) is cal-
culated similarly using equation 3.10−3.14 and 3.16, but replacing ztg(r′) by the distance
between graphene and the SiO2 substrate zsg(r′) as well as rw by the reflection coefficient
of SiO2 rSiO2. In case of an insulating material like SiO2, ε(ω) is given by another expres-
sion [71]:
ε(ω) = 1 +
ε(0)− 1
1 + ω
2
ω2e
, (3.18)
where ωe = 1.05 × 1016 s−1 is the main electronic absorption frequency being within the
ultra violet region [73,74]. For amorphous SiO2, we use the known dielectric constant at zero
frequency of ε(0) = 3.9 [75]. To describe zsg(r′), assuming a plane substrate (SiO2 shows a
corrugation with a preferential distance between hills of 50 nm, thus, the assumption of a plane
substrate is safe on the range of 5 nm.) and again a 2D-cosine shaped membrane as sketched
in Fig. 3.6, we use
zsg(r
′) = zhillsg −
[
zhillsg − zsg(0)
]
cos2
(
pir′
2r
)
(3.19)
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with zhillsg being the distance between substrate and the borders of the membrane (surround-
ing hills) and zsg(0) being the distance between the substrate and the lowest point of the
membrane. The value of zsg(0) can vary with the applied voltage U or with the tip-substrate
distance. However, the change of zsg(0) with U or tip-substrate distance can be measured via
the tunneling current. Only the offset of the initial tip-substrate distance, z0sg, without electric
field has to be taken as a fit parameter.
Elastic Membrane Potential
In order to determine the elastic potential Φmem of the nanomembrane, a cubic force de-
pendence of the deflection z+ is assumed, as given by the classic clamped membrane the-
ory [27, 28]. The nanomembrane gets laterally compressed, if lifted, until the center of
the membrane is at the same height as the surrounding hills (see figure 3.7). If lifted fur-
Figure 3.7.: Model explaining the mechanical behavior of the nanomembrane. The membrane
is lifted by the forces induced by the tip and, therefore, laterally compressed until it reaches
the same height as the surrounding hills. A second stable relaxed position exists, when the
membrane is lifted further.
ther, the membrane gets relaxed again up to a second stable position above the surrounding
hills. This behavior is modeled by a potential Φmem consisting of two parts Φ+mem(zsg(0))
and Φ−mem(zsg(0)) with minima vertically symmetric with respect to the position of largest
compression. This leads to:
Φ+mem(zsg) = −0.265E2D
(zsg − zhillsg + d2)4
r2
, if zsg < zhillsg , (3.20)
Φ−mem(zsg) = −0.265E2D
(zsg − zhillsg − d2)4
r2
, if zsg > zhillsg , (3.21)
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where r is the radius of the membrane and E2D denotes the two dimensional Young’s modulus
due to compressing or stretching of the atomic bonds, which has been measured previously to
be E2D = 340 N/m [27]. The distance between the two potential minima d is the second free
parameter of our model, only limited to about twice the valley depth. We found that d = 0.12
nm is able to reproduce the observed behaviour of the membranes. This number is lower than
the valley depth appearing in the STM images implying that the van-der-Waals force of the
SiO2 substrate increases the corrugation strength within the graphene flake.
4. The UHV-System
The UHV-System consists of three separate chambers and a cryostat which are connected via
gate valves. The whole vacuum setup is shown in figure 4.1. All chambers and the load lock
Figure 4.1.: Schematic view of the whole vacuum setup The system consists of three cham-
bers which are connected via several valves and tubes to each other and to the pumps. This
allows separate venting and baking of the chambers without breaking the vacuum of the other
chambers.
are directly connected to the pump cross (PC), so that they can be pumped by the turbomolec-
ular pump and baked out separately without breaking the vacuum within the other chambers.
Additionally, it is possible to open the central chamber, e. g. in order to modify or to repair
the microscope, without venting the cryostat or the associated getter pump. The central cham-
ber and the rightmost one also contain a slot, in which an evaporator can be mounted without
venting the related chamber.
The base pressure of each chamber is kept in the lower 10−10 mbar by three ion getter
pumps. The left chamber is connected to a load lock for introducing the sample into the
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vacuum. The sample can be moved by a magnetic transfer rod into the central chamber where
it is inserted into the microscope by a wobble stick. Therefore, the microscope has to be lifted
up by about 1.4 m from the measurement position inside the cryostat to the transfer position.
This is done by a microscope elevator powered by a step motor.
4.1. The Set-Up
Figure 4.2 shows a sectional view of the whole system with the main components being
marked. The following sections will now describe the three chambers and the included com-
Figure 4.2.: Sectional view of the UHV–system. The cryostat which contains three magnets
for applying a 3D–rotatable field is mounted below the central microscope chamber. The
microscope can be vertically moved from the measurement position inside the cryostat to the
transfer position inside the central chamber by a motor controlled elevator exhibiting a 1.7 m
transfer path. The thermal coupling to the helium bath is realized by a movable copper cone
above the microscope and a fixed counter cone within the He cryostat.
ponents in more detail.
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Figure 4.3.: Sketch of the left preparation chamber. This chamber contains two heating stages
for sample preparation, a resistive heater and an electron beam heater. Furthermore, a sputter
gun and a load lock are implemented. On the backside of the chamber, the pump cross is
mounted with connections to the other chambers and the turbo pump.
4.1.1. Preparation Chamber I
The leftmost chamber in the UHV–system is the first preparation chamber. This chamber con-
sists of a standing stainless steel cylinder with a diameter of 200 mm and a hight of 550 mm.
On the backside of the chamber the pump cross is mounted, which connects the turbomolecu-
lar pump to all the other chambers and to the load lock. The load lock is placed at the front left
side of this chamber and allows inserting samples and tips into the vacuum without venting
the whole chamber. Two magnetic transfer rods are mounted to this chamber. One rod realizes
the transfer from the load lock into the chamber, the other one allows a transfer to the central
chamber. By means of an additional wobble stick the samples can be moved to the built-in
heating stages.
The Electron Beam Heating Stage
The electron beam heating stage is used for heating samples to temperatures between 900 and
2300 K. This may be necessary for several reasons, e.g. annealing after sputtering a sample,
inducing growth of graphene on surfaces or cleaning substrates with a high melting point. The
heating stage consists of a small tungsten sample stage placed about 1 mm above a filament
as shown in figure 4.4. The filament is taken from a 55 W halogen bulb by removing the
surrounding glass body. The stage is fixed by tungsten wires, which are insulated by alumina
tubes and clamped into molybdenum holders. The chosen materials provide low outgasing
rates at high temperatures. For heating the sample, the filament current is increased to a few
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Figure 4.4.: The electron beam heater implemented inside the left preparation chamber. The
heating stage consists of a molybdenum support held by tungsten rods and located a few
millimeters above a filament. To heat a sample, the filament is lit and a positive high voltage
is applied to the stage. The sample is then heated by the energy of the bombarding electrons
to temperatures above 2300 K.
ampères and an additional positive voltage of about 1000 V is applied to the sample stage.
The emitted electrons from the filament are accelerated towards the sample and deposit their
energy there. Using this technique it is easy to heat the sample up to temperatures above
2300 K, which may be necessary to clean a tungsten single crystal. The temperature can either
be controlled with a pyrometer via the top window or with a type C thermocouple which is
welded to the sample stage. To shield the top window flange from heat radiation it is possible
to close a hatch in the top plate of the heater. This may be useful during long–term heating. It
is also possible to heat STM–tips with this heating stage in order to clean them. Therefore, a
tip transporter is used, which has the same size as the sample holder (see chapter 5).
The Resistive Heater
In addition the chamber contains a rotatable resistive heater. This heater is used for temper-
atures up to 900 K and is more accurate in this temperature regime than the electron beam
heater. The resistive heater mainly consists of a tungsten wire which is put in loops inside
alumina multi–bore tubes. By applying a current the whole sample stage including the sample
is heated up. The temperature can be controlled by a type K thermocouple. The heating stage
is placed below a sputter gun which is focused towards the center of the sample. The heating
stage is mounted electrically insulated so that it is possible to measure the ion current via the
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Figure 4.5.: The resistive heater implemented inside the left preparation chamber below a
sputter gun. By current flow through a tungsten wire it is possible to heat the sample up to
about 900 K. By rotating the heating stage around a horizontal axis, it is possible to adjust the
angle of incidence of the sputter gun with an accuracy of 5 °.
thermocouple wires. Grabbing the adjustment handle with the wobble stick, it is possible to
change the angle of incidence of the ion beam from horizontal to vertical. To read the angle,
there is a scale with a notch every 5 degrees. To prevent the stage from returning to its original
position driven by the force of the supply wires there is a friction damping implemented. In
order to exchange the sample, the stage has to be put into horizontal position. Preventing the
stage from uncontrolled tilting, a lock–bar has been mounted, which can be moved by the
wobble stick. Then the sample stage can be turned around a vertical axis by 30 degrees to
align the guiding rails of the sample stage with the direction of the wobble stick.
4.1.2. Preparation Chamber II
On the right side of the system, there is a second preparation chamber which is shown in
figure 4.6 from the backside. This chamber contains flanges for four evaporators for depositing
different materials onto the sample or tip surface. One of the evaporators can be separated from
the chamber by a gate valve and pumped by the turbo pump. So it is possible to change or refill
this evaporator without venting the chamber. Additionally a LEED1/Auger-Unit is located at
1Low Energy Electron Diffraction
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Figure 4.6.: Back view of the right preparation chamber. This chamber contains up to four
evaporators, a LEED/Auger-Unit, a sample heating stage and a separate ion pump.
the top flange of the chamber to investigate the crystal structure or the composite of the sample
surface prior to the STM-measurements. This gives a better insight to surface reconstructions
or contaminations. The sample itself is placed on the transfer rod, which contains a further
heating stage for annealing the deposited films.
The Resistive Heating Stage
A main component of this preparation chamber is the resistive heating stage shown in figure
4.7. The heating stage itself is built similar to the one described in section 4.1.1. The main
difference of the construction is due to the position of the stage an the transfer rod. The
sample is also heated by a tungsten wire inside alumina tubes and the maximum temperature
is also about 900 K. Because it is impossible to have fixed electrical connections from the
heating stage to the vacuum feedthrough, there are four sliding contacts consisting of copper
U-profiles and copper-beryllium springs. Two of the contact carry the heating current ant
two are used for a type K thermocouple to monitor the temperature. To bring the heater into
contact, one has to rotate it so that the sample is facing downwards. Only in this position the
safety plate can be moved across the stopper. When the transfer rod is retracted, the stopper
is sliding inside the safety rail as shown in figure 4.7. In this position, the heating stage with
the sample is aligned with the center of the chamber. All flanges for the evaporators and the
LEED/Auger–optics are pointing to this position. The safety rail prevents the transfer rod
from being moved accidentally and, therefore, destroying the copper-beryllium springs. The
whole heating stage is electrically insulated from the transfer rod and thus from the ground
potential. This allows to apply an additional voltage to the sample which can be useful e.g. to
shift the accessible energy span for LEED/Auger-measurements.
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Figure 4.7.: The resistive heater of the right preparation chamber placed upon the transfer
rod. This heater is electrically connected via copper-beryllium springs and allows tempera-
tures up to 900 K. It is also used as a sample stage for evaporation. On the right side of the
heating stage is the tip coating stage, in which a tip transporter with a tip holder is placed in
order to evaporate coating material onto the STM-tip.
It is also possible to evaporate material onto STM-tips. For that purpose the tip has to be put
into the tip coating stage using a tip transporter as shown in chapter 5. To get the tip coating
stage in the center of the chamber, the transfer rod has to be withdrawn until the safety plate
hits the stopper. In this position the heater is not electrically connected. On the left side of the
heating stage is an additional sample stage for storing an unused sample.
4.1.3. The Microscope Chamber
The central chamber is the microscope chamber, which is needed to transfer the sample into
the microscope and from the left to the right preparation chamber. By several optical accesses
it is possible to evaporate material directly onto the sample inside the cold microscope under
an angle of 30 degrees. This may be necessary if the deposited material tends to form clusters
or aligns at step edges at room temperature. A typical temperature of 40-60 K during depo-
sition is achieved. The evaporator is located inside a small tube, which is separated from the
main chamber by a gate valve, so that the evaporator can be exchanged without breaking the
vacuum. During deposition, the microscope is in transfer position and the evaporator is moved
towards the microscope by a linear transfer unit until the distance is only a few centimeters.
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Figure 4.8.: (a) Setup of the transfer chamber. (b) Sectional view with the optical paths for
tip positioning. The blue dotted line is pointing at the sample with an incident angle of 30
degrees, but for more accurate positioning (e.g. finding the graphene flake) the yellow path is
used, which points at the sample at an incident angle of about 55 degrees via a mirror.
To prevent sensitive parts of the microscope from being coated, which could result in a short
circuit, it is possible to move a plate with a small aperture between evaporator and microscope.
In addition the piezo stack of th x-y-table is shielded with an alumina plate (see chapter 5).
For rough approach there are several optical accesses. First, symmetrically to the evaporator
flange there is an access at an angle of 30 degrees with respect to the sample plane and an
azimuth direction angle of also 30 degrees. Second, on each side there is a CF16 flange with
an angle of 5 degrees with respect to the plane and third there is the upper center flange, which
is aiming at the transfer position but can be used to lock at the sample at an angle of about 55
degrees via a mirror. This steep angle allows e.g. better positioning of the tip above a graphene
flake. Furthermore, there is a sample storage rack located on the left next to the microscope,
which allows to store up to five different samples or tips.
4.2. The Cryostat
The system contains a superinsulated 4He bath cryostat [76], which is located below the trans-
fer chamber. The schematic setup of the cryostat is shown in Figure 4.9. Mainly it consists
of the helium vessel and a UHV–insert. The insert contains an additional heating wire for
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Figure 4.9.: Schematic setup of the 4He-cryostat. The cryostat contains about 90 l of liquid
helium, which leads to a maximum operation time of about 41
2
days. It also contains the
superconducting magnets which are mounted around the UHV-insert.
baking. The helium vessel has a capacity of about 90 l liquid helium, which corresponds to a
maximum operation time of about 41
2
days with an evaporation rate of approximately 0.8 l per
hour. This may be reduced due to sample transfer or magnet operation. The filling level with
respect to time is shown in figure 4.10. After approximately three days the level has dropped
from 71 cm down to 30 cm, so that the magnet starts to be partly uncovered with helium and
should not be used any more. The kink in figure 4.10 at this place is due to the reduction in
diameter of the helium tank. The thermal coupling of the microscope to the helium bath is
realized by a gold plated copper cone above the microscope which sits inside its counterpart
during measurement. The cone is connected to the support rod via a spiral spring which allows
either a mechanical decoupling or an additional force up to 233 N pressing into the counter-
part. This pressure contact is connected to the liquid helium via an exchange gas volume filled
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Figure 4.10.: Evolution of the helium filling level of the cryostat. When filled, the level is
at 71 cm and slowly falls over the next 31
2
days. When the helium level reaches the reduced
diameter at the bottom of the vessel, which roughly corresponds with the top of the magnet
coils, the steepness increases and after one more day the cryostat is empty.
with helium at a pressure of about 200 mbar. With this setup we reach temperatures down to
4.8 K, which are measured by two Cernox™temperature probes [77], one directly inside the
microscope close to the sample and one at the copper cone. There are two main reasons for
using an exchange gas for thermal contact:
• By evacuating the exchange gas volume, it is possible to bakeout the UHV-insert and
simultaneously cool the magnet with liquid nitrogen (77 K). This is necessary because
the magnet coils must not be heated above 323 K (50 ◦C). Otherwise they would be
damaged. Moreover, the liquid nitrogen precools the helium tank so that less helium
is needed later. For bakeout there are a heating wire and two Pt-100 sensors installed
inside the exchange gas volume.
• When the cone would be connected to the helium bath directly, the vibrations induced
by boiling helium would have greater influence on the microscope measurements, e.g.
more noise in the measured signal.
At the measurement position of the microscope, there are three superconducting magnets,
one for each direction (see figure 4.11). These magnets may be combined to achieve a 3D-
rotatable magnetic field at the sample position. At individual operation the magnets provide
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field of Bz,max = 7 T perpendicular to the sample surface and Bx,max = 3 T respectively
By,max = 0, 5 T in lateral direction. The combined field has a maximum value of Bmax =
0, 5 T. Because of generating noise during operation, the power supply is placed outside the
room of the instrument (see chapter 4.3). This way it is also possible to vary the magnetic field
during measurement without entering the acoustically damped room. If no magnetic field is
Figure 4.11.: Alignment of the three magnet coils with respect to the microscope. The magnets
allow fields up to 7, 3, respectively 0.5 T in the three spacial directions. Combining the mag-
nets leads to a 3D rotatabe field up to 0.5 T. Above the microscope ist the gold plated copper
cone which provides thermal contact to the helium bath.
needed or if the field stays constant over a long time, it is possible to disconnect the power
supply. This reduces the heat input into the cryostat and leads to a longer operation time of
the cryostat.
4.3. Vibration Insulation
The resolution of the microscope is mainly limited by the mechanical vibrations. Due to the
cryostat design, the microscope is in direct mechanical contact with the whole system during
measurement without any vibrational damping inside the vacuum. To avoid acoustic coupling
of noise into the UHV-system and, therefore, into the microscope, the whole system is built
inside a separate sound-proof room in the basement of the building. This sound-proof room
consists of freestanding brick walls with a thickness of 24 cm, which don’t have any connec-
tion to the surrounding building except through the foundation. These walls support a 16 cm
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Vessel volume about 90 l
Operation time
without mag. Field max. 4.5 days
Operation time
with mag. Field max. 3 days
Maximum x-field Bmax = 0,5 T
Maximum y-field Bmax = 3 T
Maximum z-field Bmax = 7 T
Maximum 3D-field Bmax = 0,5 T
usable diameter ∅ 35 mm
Table 4.1.: Summary of the most important parameters of the cryostat.
thick massive concrete ceiling which also has no connection to the rest of the building. The
entrance to this room is established by a sound damping steel door with a thickness of 12 cm.
All support lines (cooling water, compressed air, pump exhaust and helium recirculation) are
Figure 4.12.: Measurement of the acoustic insulation of the walls and the door of the acous-
tically insulated room for different frequencies. The measurement was done by comparing the
sound levels with the steel door open and closed.
damped using sand and construction foam. The helium pipe, which is the only support line
4.3 Vibration Insulation 39
which requires a fixed connection to the UHV-system is connected via several damped flexi-
ble hoses. All necessary cables are fed through a sand-filled hole in the brick wall towards the
data acquisition system outside, so that there are no noise sources from electronics left during
measurement. The measurement of the sound absorption is shown in figure 4.12.
To decouple the system from vibrations of the foundation everything is suited on top of four
passive damping legs with a resonance frequency of 0.8 Hz [78]. These damping legs support
a wooden plate on which the stainless steal frame of the system is located. To prevent self
oscillation of the frame, it is filled with sand. The cryostat itself stands on a 6 cm layer of sand
and is surrounded by sand as well. All UHV-chambers are located on top of a 6-8 mm thick
silicone rubber plate and are decoupled by membrane bellows. Despite all these procedures
there were still some mechanical disturbances, which had to be identified and eliminated.
These were in detail:
• Massive pressure fluctuations inside the helium recirculation due to a regeneration pro-
cess in the helium liquefier every four minutes. These fluctuations disturbed the mea-
surement for about ten seconds massively. This problem could be solved by changing
the arrangement of the helium recovery system.
• Standing waves inside the exchange gas volume at the suggested pressure of 200 mbar
leading to a filling level dependent frequency of about 60-70 Hz. After reducing the
pressure to 50 mbar the oscillations disappeared without loosing much cooling power.
• Low amplitude mechanical oscillations at 200 Hz originating from the switched-mode
power supply of the pre-amplifier. They could be reduced by a patch of rubber foam.

5. The Scanning Tunneling
Microscope
Figure 5.1.: Sectional view of the scanning tunneling microscope
The main component of the UHV system is the scanning tunneling microscope, which has
been built during this work. The STM is equipped with a piezo tubescanner and a sample
positioning unit. It also features a tip exchange mechanism. A detailed sectional view of the
microscope is shown in figure 5.1. Due to the limited space inside the magnet and the intention
of high resonance frequencies, the microscope features a very compact design. The overall
diameter is only 26 mm and the height of the rough positioning drive and the x–y–table is
76 mm. Each section of the microscope (rough positioning drive, x–y–table and microscope
plug) has been designed and fabricated separately. This modular construction allows easy
modification or reparation of the instrument. To optimize the thermal contact between the
sections, all of them have been electrolytically plated with a thin layer of gold.
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5.1. Choice of Materials
The selection of materials for the construction of the microscope is restricted by several crite-
ria. These are in detail:
• UHV in the range of 10−10 mbar,
• operation temperatures of 4-5 K and bakeout temperatures up to 450 K,
• magnetic fields up to 7 T.
The strongest restriction for the selection of suitable materials is given by the usability in
UHV. All materials with a high vapor pressure are inapplicable. These are most plastic mate-
rials and mainly the metals lead and zinc, whereas lead is often used in tin-solder1, and zinc
includes also brass and nickel silver. Apart form this, most common metals and ceramics
are applicable for UHV. The only capable synthetics for cable insulation are polyimide and
polytetrafluoroethylene (PTFE). Also all used adhesives have to be tested concerning their
outgasing rates.
Operation at cryogenic temperatures implicates mainly that the thermal expansion coeffi-
cients between 4 and 450 K of the used materials have to be harmonized and all materials
have to survive those temperatures (e.g. adhesives, piezo-ceramics). In addition the heat flow
into the microscope should be minimized to reach temperatures close to that of liquid helium
(4.2 K). So, all supply cables should have a low diameter and a low thermal conductance.
The use of a large magnetic field implies usage of non-ferromagnetic materials. This ex-
cludes for example steel and nickel, which is often used as a diffusion barrier for gold plating.
If stainless steel is used, it should be a nonmagnetic type. At low temperatures, some materials
tend to become superconductive. This should also be avoided, because of the conserved mag-
netic field after switching off the magnet coils. At temperatures of 4-5 K, this is only a minor
restriction, but it has to be considered, that for microscopes operating at 300 mK, metals like
titanium or molybdenum become superconductive.
These restrictions have led to the following material selections:
Part Material
microscope body phosphor bronze (CuSn8P)
piezo ceramics EBL#4 (PZT 8) [79]
conductive adhesive Epotec E2101 [53]
insulating adhesive Epotec H77 [80]
ceramics Alumina (Al2O3) or Macor
springs copper beryllium
cables to the outside Manganin (polyimid insulated)
screws, etc. titanium
solder silver solder (Sn96Ag4)
1Since 2006 restricted according to RoHS DIR 2002/95/EG. in the European Union
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5.2. Detailed Setup
In this section the assembly of the different components of the microscope will be described in
detail. This includes mainly the rough positioning drive, the microscope scanner and the X–Y–
table. In addition, test measurements concerning the movement and the vibration frequencies
are shown.
5.2.1. Rough Positioning Drive
The rough positioning of the tip-sample distance is ensured by a stick-slip motor driven by six
shear piezo stacks moving a sapphire prism, where the scanner is connected to. By applying a
voltage (up to 450 V) with a saw tooth shape, the prism can be moved upwards or downwards.
Each piezo stack consists of four 5, 5 × 5, 5 mm plates with alternating polarization direction
(indicated by the arrows in fig. 5.3), which are glued with conductive epoxy adhesive. Both
sides of a piezo plate feature gold electrodes. To contact the plane between two plates, some
of the corners have to be removed. The top, bottom and center electrode have to be electrically
grounded and a high voltage signal (max. 450 V) generated by the STM electronics is applied
to the other two planes. The described wiring ensures a maximum shearing amplitude due to
the alternating voltage polarities and orientations of the polar axes of the piezos. On top of
the piezo stacks small alumina (γAl2O3) plates are fixed, which make the mechanical contact
to the sapphire prism containing the scanner. The construction requires several steps. The
Figure 5.2.: (a) Low–speed–saw to cut the piezo and Al2O3 plates. The counterbalance is
adjusted in that way that there is only a very small force pressing the plate onto the saw blade.
To cut through a plate it is necessary to readjust the vise during cutting in order to avoid an
uncontrolled breaking of the plate. Therefore, a small grove is cut into one side of the plate
(b) and afterwards the plate is cut through from the other side (c).
commercial piezo plates (EBL #4 [79]) have a size of 15.24 × 15,24 mm2 (0.6 × 0.6 square
inch) and a thickness of 0.508 mm (0.02 inch). These plates are cut into four squares of
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6.5 mm side length each. Thereby, it is important to mark the polarization direction on each
square, e.g. by carefully scratching the numbers 1-4 into the gold plated surface. A low speed
diamond saw like it is sketched in figure 5.2(a) is used for sawing the piezo plates. The sawing
speed was set to about 20 cms (0.6 Hz) and the force that presses the plate against the sawing
blade was set in that way, that the piezo is only slightly touching the blade (about 0.1 N). To
avoid an uncontrollable breaking of the piezo plate, the cutting was started at one side and
then finished from the other side as shown in figure 5.2(b), (c). A remaining burr is grinded
carefully. Afterwards, a corner of plate 1 and 4 is cut off about 2 mm to gain access for
electrical contacts between plate 1 and 2, respectively, between 3 and 4. The cutting edges are
carefully polished with wet super fine sandpaper (Grit designation P1200) in the direction of
the plane to remove grooves.
After careful cleaning using an ultrasonic bath the plates are glued in pairs (1+2 and 3+4)
using conductive adhesive Epotec E2101 [53]. The adhesive is applied on both sides and the
surfaces are pressed together and aligned. It is important to take care that the adhesive does
not emerge on the side of the cut corner, because it is not possible to remove it there and the
adhesive would cause a short circuit. After the curing process, another corner is cut off from
the stack consisting of plate 1 and 2 to gain access to the central electrode. This is done now to
achieve a good cutting edge without misalignment. Both stacks are now glued together to get
one stack consisting of four plates. Afterwards the complete stacks are grinded by carefully
pressing them sidewise against the sawing blade until the stacks have the desired size of 5,5
× 5,5 mm2. Thus, any misalignment and any emerged adhesive is removed. Subsequently
all sides are again polished with the fine sandpaper. After cleaning the stacks, the cables are
Figure 5.3.: Setup of the piezo stacks of the rough positioning drive. Each stack consists of
four plates and all surfaces are contacted separately. The small arrows indicate the direction
of the polarization of each plate.
being soldered like it is shown in figure 5.3. Therefore, lead-free silver solder and a organic
flux [81] is used. The soldering temperature is set to about 270 ◦C and the contact time of
the soldering tip with the piezo has to be kept as short as possible to avoid a depolarization.
Afterwards, the contacts are secured with non conductive adhesive Epotec H77 [80] as a strain
relief. Four of the six stacks are now aligned inside the microscope body and fixed. Therefore,
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H77 is used because of the greater shear strength. Only a small drop of E2101 in one of the
corners is needed for electrical contact. The ground cable is now glued to the microscope
body close to the piezo stack and the signal cable is soldered to a soldering post. The same
is done to the remaining two piezo stacks on the pressure plate. Afterwards six 4 × 4 mm2
sized alumina plates are manufactured and glued with H77 on top of each piezo stack. Now
the sapphire prism is pressed on top of these stacks in the exact position in which it should
be during operation. The pressure plate is assembled as well and pressed against the prism
using a ruby ball and a leaf spring. So it is ensured that the alumina plates align perfectly
with the prism during bakeout of the adhesive. Afterwards the rough positioning drive was
Figure 5.4.: Measurement of the velocity of the rough positioning drive depending on the
contact pressure of the leaf spring. The black curve shows the runtime for upwards movement
(against gravity) and the red curve shows the runtime for downwards movement. The zero
point of the adjustment screw is chosen in that way, that the prism is just not sliding downwards
any more. The error bars origin from averaging several measurements. The measurement took
place under ambient conditions and with a saw tooth voltage of 60V amplitude and a frequency
of 1 kHz.
contacted provisorily to the STM–electronics to test the movement of the sapphire prism inside
the microscope. A saw–tooth voltage with an amplitude of 60 V and a frequency of 1 kHz was
applied to the piezos and the runtime from the uppermost to the lowermost position (and vice
versa) was measured dependent of the spring tension induced by an adjustment screw. The
results are shown in figure 5.4. The results are averaged over several measurements. At a small
46 5.2 Detailed Setup
spring tension, the downwards movement is much faster than the upwards movement, which
is mainly due to the additional influence of gravity. By increasing the spring tension, both
velocities converge, and there is almost no difference between up– and downwards movement.
This is the optimal operating range. Note that several parameters change when the microscope
is put into vacuum and cooled down to 5 K, like piezo constants and friction coefficients. Since
the optimal range is rather large, it is normally not necessary to adjust the spring tension later
on, although the screw can be adjusted in–situ using a UHV–manipulator. Therefore, a U–
shaped wire is glued to the head of the screw like a crank handle.
5.2.2. The Scanner
Inside the sapphire prism, the piezo tube scanner of 20 mm length is mounted. This scanner
ensures the tip movement in lateral direction and the vertical tip-sample distance regulation
during measurement. A detailed sectional view of the scanner is shown in figure 5.5. The
Figure 5.5.: Sectional view of the front part of the scanner tube. The tip holder is placed into
a V-shaped support and held by a spring. The current cable is connected to the support and
led through the center of the tube.
STM tip is placed inside an exchangeable tip holder (figure 5.6(b). This tip holder is put into
an appropriate support which is glued into the scanner and fixed by a copper beryllium spring.
Using a special tip transporter (figure 5.6(c), which fits into the sample stage, the tip can be
removed by retracting the rough positioning drive and inserted back analogously. Both, the tip
holder and the transporter are made of molybdenum in order to be able to flash the tip inside
the e–beam heater (chapter 4.1.1) to temperatures up to 2000 K without destroying them2.
2Melting temperature of molybdenum: T ≈ 2900K
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Figure 5.6.: (a) Photograph of the piezo tube. Each electrode is contacted by a copper beryl-
lium wire fed through the macor block. About 1 mm of the electrodes on both sides of the piezo
tube has been removed to avoid a short cut via the adhesive. (b) Tip holder for use inside the
scanner. The tip itself is to be mounted inside the small hole on the left side (c) Tip transporter
for exchanging the tip holder. The small tungsten wires prevent the tip holder from falling off
during transfer. (d) Alignment of the scanner electrodes with respect to the sample holder (top
view).
Scanner Assembly
First the piezo tube is cut to a length of 20 mm using the same low speed saw as described in
section 5.2.1. At both ends of the tube, the electrodes are carefully removed by polishing with
sand paper as shown in figure 5.6. This is due to avoid a short cut between the electrodes via
the epoxy adhesive. Afterwards five copper beryllium rods of 0.5 mm diameter are prepared
which function as electrical contacts for the five electrodes of the scanner. These rods are
inserted into the macor block and glued to the electrodes. In the same step, the piezo tube is
glued to the macor block. To align the tube, the whole setup is put into the sapphire prism and
centered by a specially designed auxiliary construction.
The macor cap is glued into the piezo tube and is covered with conductive adhesive (E2101)
on the outside in order to screen the tunneling current from electric fields originating from the
electrodes. Thereby, it is important that the adhesive does not cause a short cut between the
inner electrode of the piezo tube and the macor cap. A coax cable carrying the tunneling cur-
rent is soldered to the V-shaped tip holder support which is afterwards fixed inside the macor
cap using non-conductive adhesive. The shielding of the coax cable is then glued to the coated
outer surface. Afterwards the macor cap is glued into the piezo tube and the whole scanner is
glued into the sapphire prism. Thereby, it has to be assured that the movement directions of
the scanner are aligned with the sample holder and, therefore, with the crystallographic axes of
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the sample (see figure 5.6(d)). While the adhesive is baked out in the oven, the spring, which
keeps the tip holder in position is constructed. This spring is cut from a thin copper-beryllium
sheet and consists of a center part, that pushes the tip holder into the V-shaped support, and
two arms on each side which fix the spring inside the scanner by clamping between the support
and the macor cap. The center part has to apply the spring force to the tip holder in order to
get a stable 5-point support. The spring force should not be too large in order to enable an easy
exchange. On the other hand the force should not be too small to prevent the tip holder from
vibrating. To assure that the tip holder inserts smoothly, the top of the tip holder is rounded as
can be seen in figure 5.6(b).
Small copper wires are soldered to the ends of the CuBe–wires which contact the electrodes.
The other ends of the copper wires are connected to the plug above the microscope, which is
described in section 5.3.1. It is important to assemble these wires as well as the coaxial
wire in a small bow to enable the movement of the rough positioning drive and to keep the
force applied to the sapphire prism induced by the bunch of wires as small as possible. The
procedure for the coaxial wire is analogous. All wires are located inside one of the four small
grooves on the outside of the microscope body (see fig. 5.1) and are fixed by small clamps.
After connecting all wires, the quality of the electric connections has to be checked by
measurements of the capacities between the electrodes and the ground potential. The measured
capacities can be found in the appendix B.
5.2.3. The X-Y-Table
In order to investigate prestructured samples it may be helpful to have a relative positioning
of tip and sample in x- and y-direction of a larger scale than provided by the tube scanner (≈
1µm2). Therefore, a piezo driven sample stage has been implemented. This stage moves the
sample holder over a range of 1.5 × 1.5 mm2 by applying a saw–tooth voltage of a maximum
amplitude of 400 V and a frequency between 500 Hz and 4 kHz to either the x– or to the y–
piezos of the stage. A detailed sectional view is given in figure 5.7. In order to match the
thermal expansion coefficients of the piezos and the support, the whole setup is built on a
titanium drawer, which could easily be exchanged in case of further modifications. In addition
another electric contact is provided by a CuBe spring mounted on the back side of the sample
holder support, which might be used as a gate contact in future measurements.
Assembly
The piezo stack is built similar to the ones for the rough positioning drive as described in
section 5.2.1. Nevertheless there are two major differences. The first one is the orientation of
the polarization of the piezos. For the X–Y–table two shear piezos have to be aligned alongside
the X–direction and two along the Y–direction as shown in figure 5.8.
The second difference is a hole in the center of the stack in order to provide a fixing of the
sample support on top. This hole is milled into the finished stack using a diamond milling
cutter. Therefore, the stack is put into an oil bath to avoid potential toxic dust. It has been
shown previously that a piezo stack of this size glued to a bronze body will crack when cooled
down to cryogenic temperature [82]. Therefore, the drawer holding the stack is made of
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Figure 5.7.: Sectional view of the X–Y–table Using a piezo drive, the sample holder support
can be moved over a maximum distance of 1.5 mm in two directions.
titanium, which has a better matching of the thermal expansion coefficient with the piezo
material than the phosphorous bronze used for the rest of the body. On top of the piezo
stack, a Al2O3-plate is glued to achieve a good friction contact to the sample holder support.
The central hole in the Al2O3-plate is kept a little bit smaller (4.8 mm in diameter instead of
5.0 mm) than the hole in the piezo stack itself. This is to ensure that the appendix on the bottom
of the sample holder support in which the CuBe wire is fixed never hits the piezo electrodes
even if the elongation of the stage reaches its maximum. This would result in a short circuit
and would probably damage the piezo stack or the preamplifier because of a direct contact
between the low voltage applied to the tunneling contact and the high voltage applied to the
piezo stack. To prevent the piezo stack from being coated on the front side with conductive
Figure 5.8.: The piezo stack for the X–Y–table. The arrows indicate the polarization of the
plates. The saw tooth voltage is applied to the HVX– and HVY –contacts.
material, which is evaporated onto the sample inside the microscope, there is an evaporation
shield glued to the titanium drawer consisting of two alumina plates (see fig. 5.7).
The cable for the ground contact of the piezo stack is glued to the titanium drawer on one
side of the piezo stack. The two high voltage cables are connected to a soldering post which
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is also located on the titanium drawer behind the stack. While mounting the drawer inside the
phosphorous bronze body, the wires have to feed through small holes into the grooves on the
outside of the microscope body and are then connected to the STM–plug. After that the drawer
is screwed to the microscope body with two titanium screws from the backside. The difference
in the thermal expansion coefficients of titanium and phosphorous bronze is compensated by
spring washers.
The sample holder support is designed in that way, that a sample holder or a tip holder trans-
porter fits in easily, but without being too loose, which would lead to vibrations. The support
is 0.2 mm larger in lateral size than the sample holder, but has two small springs in the base-
plate, which fix the sample holder in its position. Therefore, it is easy to exchange the sample
without applying too much force to the microscope. In order to ensure a smooth movement of
the X-Y-table, the electric connections of the bias voltage and the additional contact must be
realized by relatively thin copper wires. Coaxial cables are inapplicable because of their stiff-
ness. For the bias voltage, the short copper wire is glued to a coaxial cable after about 1 cm.
To avoid electrical contact between the support and the microscope body, which would ground
the bias voltage when the table reaches its maximum displacement and hits the wall, the outer
side of the sample holder support is covered with a thin layer of insulating adhesive [80]. This
thin layer is tested to prevent electrical contact even at voltages up to 1 kV.
On the bottom of the sample holder support there is a small appendix with an eyelet, in
which a copper–beryllium wire is mounted. This wire is responsible for pressing the sample
holder support onto the piezo stack. To receive a good friction contact there is also a thin
sapphire plate with a cut-out for the eyelet glued to the bottom of the support. The CuBe wire
feeds through the piezo stack and through the titanium drawer and is than held by a leaf spring
to induce the needed force. The wire is electrically insulated from the spring by a ceramic
bush, again to avoid grounding of the bias voltage. On the backside of the body, the leaf
spring fits into a small groove and on the front side it is held by a thread rod and a nut. The nut
is designed as a four fold wingnut, which allows adjustment of the spring tension in vacuum
using a wobble-stick.
5.2.4. Characterization of the X–Y–Table
The sample positioning stage allows a two-dimensional displacement of the whole sample
inside an area of 1.5×1.5 mm2. Due to the design of the stage (see section 5.2.3), there is
a lateral force induced by the CuBe-wire which increases with distance to the center posi-
tion. This leads to a non–constant step length over the whole reachable area. The following
measurements were done in the central position, so that lateral forces can be neglected. For
characterization of the resulting step size, a n–InSb(110) surface (see chapter 3.1.4) has been
chosen with residual gas molecules on top as markers. Figure 5.9 shows an STM image of
a 100 × 100 nm2–area of the sample. The bright and dark spots origin from the residual gas
molecules adsorbed onto the surface. Between the images (a) and (b) and between the images
(d) and (e) we applied a single saw tooth shaped voltage pulse with an amplitude of 40 V to the
piezos for the x– (y–) direction. The displacement vectors determined by autocorrelation im-
ages are shown in figure 5.9 (c) and (f). The analysis shows a displacement of ~x = (30, 7) nm
and ~y = (2, 33) nm. The error between consecutive steps amounts to about ±5 nm in each
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Figure 5.9.: Characterization of the sample positioning unit. The STM images show charged
residual gas molercules, which have been used as markers, on a 100×100 nm2 sized InSb(110)
surface. From image (a) to (b) and from (d) to (e) we applied a voltage pulse of U = 40 V
to the x– respectively y–piezos. To recognize the displacement, two bright adsorbates have
been marked. (c) Cross correlation of images (a) and (b). (f) Cross correlation of images (d)
and (e). The arrows in (c) and (f) indicate the displacement vectors.(Tunneling parameters:
U = 1 V, I = 200 pA, T = 5 K)
direction. Thus, the step width is about 30 nm in the desired direction with an applied voltage
of 40 V. The small deviation into the perpendicular direction probably results from a residual
inhomogeneous spring force. In accordance, the misalignment between shear piezo direction
and measured step direction varies with the macroscopic position of the sample stage with
respect to the stack and partly even results in a slight rotation of the stage on a macroscopic
scale.
5.2.5. Resonance Measurements of the Scanner and the
Positioning Drive.
In order to avoid mechanical excitations of the microscope during operation, the resonance
frequencies should be as high as possible. The lowest resonance frequency of teh micro-
scope shown in figure 5.10 is, according to finite element simulations, the bending mode of
the scanner. Therefore, we probed these modes and the other modes excitable by the piezos
experimentally. The measurement of these resonance frequencies was done using a lock-in
amplifier. Therefore, a sine signal with an amplitude of V = 100 mVrms was applied to one
of the piezo electrodes and the induced amplitude of a second piezo electrode was measured.
The results are shown in figure 5.10. The measured lock-in signal has been plotted with re-
spect to the applied frequency by a self written LabView-program. The time constant and
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Figure 5.10.: Resonance measurements of the microscope. (a) Resonances of the scanner
in x– (black) and y– direction (red). The sine signal was applied to one electrode and the
signal on the opposite electrode was measured. The inner z–electrode was used as common
reference. (b) Resonances of the rough positioning drive. The sine voltage was applied to five
piezo stacks and the sixth was used for detection. (c) Resonance measurement of the x–y–table
by applying a signal in one direction and measuring the other. (d) Scanner resonances at 81 K.
All measurements were done with an applied voltage of V = 0.1 Vrms.The lowest frequencies
have been marked.
the sensitivity of the lock-in amplifier were optimized to receive best signal quality. For all
measurements, a tip holder with a tungsten tip was inserted into the scanner. The measure-
ments (a)-(c) were taken under ambient conditions and measurement (d) at a temperature of
81 K with the microscope being inside the nitrogen cooled UHV-cryostat. In figure 5.10(a) the
resonances of the scanner in X– (black) and Y–direction (red) are shown. Therefore, the sine
voltage was applied to one electrode (e.g. +X) and measured on the electrode on the oppo-
site side (-X). The inner Z-electrode functions as a common reference potential. Both curves
look quite similar in most parts and show their lowest resonances at 3120 Hz and 3540 Hz re-
spectively. The difference in both curves arises from the scanner being not totally symmetric
because of the tip holder support. The resonance frequencies of the rough positioning drive
are shown in figure 5.10(b). The ac signal was applied to five of the six piezo stacks and
measured on the sixth one. As ground and reference potential the microscope body was used.
The lowest resonance is shown to be at 2.1 kHz. The resonances of the x–y–table are shown
in figure 5.10(c). Here the piezos in one direction have been excited and the other direction
has been measured. Below a frequency of 4.8 kHz, there is no influence of the excitation. In
figure 5.10(d) we see again the resonances of the scanner in x–direction, but this time with
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the microscope being inside the UHV-system and cooled with liquid nitrogen to a temperature
of 81 K. Here we see that the resonances are rather different to the ones measured at room
temperature. The lowest resonance frequency is at about 1840 Hz but the amplitude is much
smaller than in figure 5.10(a). There also is a relatively large background, which results from
capacitive crosstalk of the cables going down to the microscope.
All resonance frequencies are rather large, which should not disturb the STM-measurements
because the bandwidth of the tunneling current amplifier is usually 1 kHz at an amplification
factor of 109 V
A
.
5.3. Wiring
Concerning the electrical connection of the microscope, one has to distinguish between the
in vacuum wiring and the wiring outside the vacuum including preamplifier and voltage sup-
ply. In order to minimize the noise of the tunnel current signal, the input capacities of the
current-to-voltage amplifier should be as small as possible. The best solution would be an
amplifier mounted directly in the microscope. This is not possible, because of the operation in
high magnetic fields and at low temperatures. For this reason and because of the microscope
hanging at the end of a long rod, it is needed to have relatively long cables from the electrical
feedthrough to the microscope (about 3 m). The cables should have a low thermal conductivity
to keep the heat flux into the microscope small. Therefore, we chose twisted manganin cables
for this long distance (see section 5.1). The input capacity of the amplifier is about 180 pF.
At the top flange all cables are arranged in six different electrical feedthroughs. Thereby,
it was payed attention to similar connections being put onto the same plug. The exact con-
figuration can be found in appendix A. There is one floating shield BNC-connector for the
tunneling current and one for the applied bias voltage. Two ten-pin-plugs are used, one of
them for the high voltages controlling the rough positioning drive and the x-y-table and one
for all the temperature measurements. Furthermore, there are two six-pin-connectors, one for
the five STM-scanner connections and one for six additional contacts which may be used for
future transport measurements. One of these cables is already used for a gate contact inside
the microscope, the other five end at the STM–plug (see section 5.3.1). All those cables are
separable directly below the top flange for easier repair. The tunneling current and voltage
connectors are additionally shielded by small metal cans to avoid capacitive influences from
the other cables.
For the cables itself, it was attempted to use shielded twisted pair cables, because in a similar
system [42] they improved the performance. But they used stainless steel cables, because, at
that time, they did not find a company which could produce them from manganin. After
receiving the desired cables, we found a capacitance of 500 pF/m between the two conductors,
while the stainless steel cables had a capacitance of about 40 pF/m. Needing a low input
capacitance for the preamplifier we decided not to use the fabricated twisted pair cable, but
to built our own cable by twisting two manganin cables and putting them into a copper–
beryllium mesh of 3 mm diameter. This led to a capacitance between the two conductors of
about 30 pF/m, which was decided to be acceptable. The same kind of mesh was also used to
shield the cables of the rough positioning drive, the x–y–table, and the cernox sensor cables.
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The reason for this was mainly that there were more than two cables belonging together so
they could be put into one mesh. The purchased shielded twisted pair cable was nevertheless
used for the scanner cables where the conductors for +X and -X respectively for +Y and -Y
share one cable, and for the additional cables for transport measurements, which are not in use
so far. The cable was also used for the additional Pt100 temperature probe at the copper cone.
All cables are combined to a harness and bound spirally alongside the metal rod down to
the copper cone above the microscope. There, all cables are wired around small cylinders to
connect them thermally to the helium bath. Then, all except those for the two temperature
sensors placed at the cone are fed through three holes downwards where they are again wired
spirally around a gold plated rod and connected to the STM–plug.
5.3.1. The Microscope Plug
For a quick removal of the STM, a plug has been built, which connects the microscope to the
copper cone. The cables are disconnected by a 30–pin plug as shown in figure 5.11. This plug
separates in three macor segments on both sides with ten pins each. These segments are fixed
by small copper clamps pressing them against the body. The pins are connected in that way
Figure 5.11.: Schematic view of the STM–plug.
that similar connections are on the same segment and high voltage and low voltage contacts
are on different ones if possible. One segment holds the tunneling current and voltage as well
as the temperature sensor cables, one holds the cables for the rough positioning drive and the
x–y–table and the third one holds the cables for the scanner contacts. Only the additional
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cables for transport measurements have to be shared between two segments due to the limit of
ten cables per segment. The exact configuration can be found in appendix A. At the moment
29 of 30 contacts are used.
To increase the thermal conductivity, both sides of the plug are gold plated and the plug is
screwed with three titanium thread rods. This leads to a temperature difference between the
microscope and the cone of at most 0.1 K during operation.
5.3.2. Preamplifier and Voltage Supply
General Configuration
At the top flange are two BNC-connectors with floating shield for the tunneling current and
the applied voltage. The cables from this feedthroughs to the preamplifier are kept as short
as possible to avoid a further increasing of the capacitance, which would result in a higher
noise level of the measured signals. The total capacity from STM to preamplifier amounts to
140 pF. To measure the tunneling current, we use a commercial low–noise current–to–voltage
converter [83], which is decoupled from the ground potential of the STM electronics by a
home–built differential amplifier (amplification factor = 1) with an integrated low–pass of
5.9 kHz. The STM-electronics [84] provides an output voltage of ±10 V maximum with its
Figure 5.12.: Schematic circuit diagram of the electronics. In order to prevent ground loops,
the ground potential of the STM electronics is decoupled from the microscope ground by two
differential amplifiers. The current–to–voltage converter is a commercial low–noise current
amplifier.
common ground as reference potential. To achieve a better voltage resolution and to decouple
the ground potential to avoid loops, we built a separate voltage supply, which uses the ±10 V
as input and provides an output Voltage of either±10 V or±1 V with the potential at the STM
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as reference. A detailed circuit diagram is shown in figure 5.12. So the microscope is used as
reference potential for the applied voltage and the measured current.
Offset Determination
In order to calibrate the measured data, one has to determine the offsets of the current amplifier
and of the voltage supply, which is in general not equal to zero. To measure the voltage
offset, we used a high-ohmic voltmeter connected to the cable which normally leads to the
microscope and adjusted the voltage with the STM software. The measured data is shown in
figure 5.13. One can see that the applied voltage differs from the nominally supplied voltage
Figure 5.13.: Offset of the applied voltage with respect to the nominally supplied voltage for
the different ranges of the voltage supply. In both ranges, the voltage offset shows a linear
dependency.
by a few Millivolts and there is a linear dependency. In the range of ±1 V the curve shows a
very straight linear dependency on the applied voltage with a maximum error of about 7 mV at
1 V and no constant offset. In the other range (±10 V) the curve can also be approximated by a
straight line although the approximation is not as good as in the smaller range. The maximum
error is of the same size at maximum voltage, but we also have a constant offset of about
1.3 mV at an nominally supplied voltage of 0 V. The percentag error in the large voltage range
is about one order of magnitude smaller than in the small voltage range. Although these offsets
are small enough to be neglected in normal topographic imaging, they may be important for
spectroscopic measurements.
A second offset may origin in the preamplifier which also gives a small output voltage
without any input current. This was determined simply by measuring the output voltage with
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a retracted tip. The result depends on the amplification factor of the preamplifier. For an
amplification factor of 109 V
A
we measured a voltage of 200µV, which corresponds to 0.2 pA.

6. Test and Calibration
Measurements
After the assembly of the microscope, it is necessary to calibrate the instrument in order to
determine the piezo constants. This is normally done by imaging samples with well known
parameters as atomic distance and step hight. The most favored system for lateral calibration
is HOPG (Highly Ordered Pyrolytic Graphite), which has a well known lattice constant (see
chapter 3.1.1). Due to its low reactivity, it is one of the few materials which can be analyzed
under ambient conditions. Because of graphite tending to show multiple steps, it is more effi-
cient to use a different system for vertical calibration. We used a gold (111) surface (chapter
3.1.2), which only shows monoatomic steps and is also usable under ambient conditions. This
chapter will provide the first calibration measurements on HOPG and gold with the micro-
scope in air, in vacuum, and at low temperature. Afterwards, we used a carbon contaminated
tungsten single crystal, which shows a characteristic surface reconstruction (chapter 3.1.3) for
the determination of the z-noise at low temperatures. Finally, an indium-antimonide crystal
is used to show first measurements with an applied magnetic field, so one can see spin-split
Landau levels within a tip-induced quantum dot. This crystal was also used for calibrating the
step width of the x–y–table (see chapter 5.2.4).
6.1. Calibration on HOPG and Gold
The first measurements of the microscope were done under ambient conditions. Therefore, the
STM was provisionally fixed inside a vise. For damping, the whole setup was positioned on
top of a sand damped granite plate. The electrical contacts were also connected provisionally
without taking much effort in electric shielding.
HOPG
The first test measurements with the newly assembled STM were done on a HOPG sample
(see chapter 3.1.1). With the setup described above, we already received stable atomic reso-
lution as shown in figure 6.1(a) and (b). Several images of the atomic corrugation of HOPG
have been taken and from this data the piezoelectric constants of the scanner at room tem-
perature have been determined. This led to a maximum scanning area of about 3 × 3µm2 at
room temperature. Also the spectroscopic capability of the instrument was tested as shown in
figure 6.1(c) and (d). Figure 6.1(c) shows a topographic image of area of 500×500 nm2 which
features several step edges. The stabilization parameters were U = 250 mV and I = 300 pA.
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Figure 6.1.: STM Measurements on HOPG done with the newly assembled microscope. (a)
Atomic resolution (10× 10 nm2, U=0.2 V, I = 2 nA) (b) Zoom into (a) to determine the piezo
constants at room temperature. (3.3 × 3.3 nm2, U = 0.1 V, I = 2.5 nA) (c),(d) Topographic
image of 500 × 500 nm2 size and corresponding dI
dU
–map at U = 0.25 V and I = 0.3 nm.
(e) Moiré-pattern on HOPG induced by a mismatch in the stacking of the graphite layers
(66.7 × 66.7 nm2, U = 0.5 V, I = 0.8 nA) (f) Zoom into (e) at U = 0.5 V and I = 1.3 nA to
see atomic contrast on the pattern (15.4× 15.4 nm2).
Simultaneously, a dI
dU
–spectrum was taken at the stabilization voltage. This map of the dif-
ferential conductivity, which can be interpreted as a map of the density of states (see chapter
2.3.1) is shown in figure 6.1(d). Apart from the good image quality despite measuring at am-
bient conditions, one can clearly see strong spectroscopic contrast. For example, the valleys
at the left side of the image show a significantly higher differential conductivity. Also there
are several sharp lines at the right side of the image, which are also visible in the topography,
but the contrast is emphasized in the spectroscopy. The origin of these features has not been
further investigated during this work and remains unknown, but the images prove, that the
microscope is capable of taking good quality spectroscopic data even at ambient conditions.
Figure 6.1(e) shows a Moiré pattern, which forms, when one graphite layer is slightly ro-
tated with respect to the others and, therefore, does not match the stacking. The image was
also taken at room temperature, but with the microscope already mounted into the chamber at a
pressure of p = 5.8× 10−6 mbar. These Moiré pattern has been observed relatively frequently
and is also known to have similar behavior as graphene flakes. A zoom-in into the border of
the pattern is shown in figure 6.1(f) where also the atomic structure becomes visible. Also
the pattern seems to become brighter close to the border. These images have only been taken
to demonstrate the capabilities of the microscope and to calibrate the scanner. The observed
features have not been investigated further during this thesis.
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Similar measurements as shown in figure 6.1(a) and (b) have been done with the microscope
cooled down to 5 K leading to a maximum scan range of 860 × 860 nm2. To gain access to a
larger area it is necessary to use the sample positioning stage presented in chapter 5.2.3.
Gold
With the same setup described above we also did measurements on a gold (111) surface [49] to
calibrate the elongation of the scanner in z-direction. Gold was used since it is one of the few
Figure 6.2.: First measurements on a gold (111)-surface under ambient conditions at U =
1.4 V and I = 0.3 nA. The image shows a 200 × 200 nm2 sized area of monoatomic step
etches, which have been used to calibrate the elongation of the scan piezo tube.
crystalline materials applicable for STM measurements under ambient conditions and HOPG
tends to form multiple steps making it useless for determining the piezo constant. Figure 6.2
shows a 200× 200 nm2 sized image of a gold surface. The sample was prepared as described
in chapter 3.1.2. The step heights have been averaged and used to calibrate the elongation of
the scanner tube. The maximum elongation of the scanner is given by the applied voltage and
the piezo constant. The maximum voltage given by the STM electronics is Umax = 110 V.
This leads to a z-range of ±360 nm. Similar measurements have been done at 5 K leading to a
maximum z-range of ±60 nm at this temperature.
6.2. Noise Measurements on Tungsten Carbide
To determine the z–noise of the instrument we recorded STM images of a reconstructed
W(110)/C-R(15 × 3) surface as it is described in chapter 3.1.3. The z-displacement of the
piezotube was calibrated on the clean gold(111) surface (see section 6.1). Figure 6.3(a) shows
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Figure 6.3.: (a) 10 × 10 nm2 unfiltered constant-current image of a W(110)/C-R(15 × 3) re-
constructed surface at I = 200 pA and U = 1 V. The bright spots are residual gas adsorbates.
(b) Zoom into the reconstruction image at I = 100 pA and U = 150 mV. (c) Height profiles
along the white lines in image (b) across the scan lines (i) and along the scan direction (ii),
respectively. (d), (e) Analysis of the profiles in (c) leading to a z–noise level of 950 fmpp (i)
and 300 fmpp (ii). Corresponding analysis of height profiles for the maximum magnetic field
in–plane of B = 3 T (e), and out–of–plane field B = 7 T show noise levels of 310 fmpp and
410 fmpp respectively.
an unfiltered constant–current image of the reconstructed surface at a tunneling current of
I = 200 pA and an applied bias voltage of U = 1 V. The main crystallographic directions of
the W(110) crystal are aligned alongside the image borders. One can clearly see the zig–zag
structure of the (15 × 3)-reconstruction. The bright spots on top of the reconstruction lines
result from residual gas molecules adsorbed onto the surface, most likely carbon–monoxide.
The zoom into the reconstruction shown in figure 6.3(b) has been taken at a tunneling current
of I = 100 pA and a bias voltage of U = 150 mV. To determine the z-noise along the re-
construction and along the scan directions, figure 6.3(c) shows the line profiles marked by the
white lines. Analyzing these profiles leads to a z–noise alongside the scan direction of 300 fm
peak to peak. Alongside the reconstruction, we get a noise level of about 950 fm peak to peak.
Applying a magnetic field to the system does not change the noise level significantly as shown
in figure 6.3 (f) and (g). At a field of B = 3 T parallel to the surface we measured a z–noise
of 310 fmpp and at B = 7 T perpendicular to the sample surface we achieved 440 fmpp. The
measurement at 7 T was not done on the reconstructed W(110)/C-R(15× 3) surface, but on an
atomically resolved graphene surface. Similar STM-systems show z-noise levels in the range
of a few picometer at a temperature of 5 K ( [42]).
The W(110)/C-R(15 × 3) sample was also used to determine the thermal stability of the
instrument by long term measurements of the same sample area. By comparing the first and
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the last image one gets a lateral drift of less than 2 pm per hour.
6.3. Spectroscopy in magnetic Fields
In order to demonstrate the spectroscopic capabilities of the instrument in high magnetic fields,
we recorded dI/dU-spectra of a tip induced quantum dot on n–InSb(110). For these measure-
ments, we used the same sample as for the characterization of the x–y–table. For these dI/dU–
Figure 6.4.: Spectra of differential conductivity of a n-InSb(110) surface at different magnetic
fields. The sharp peaks in the spectra stem from tip induced quantum dot states, which merge
into Landau levels at the presence of a high external magnetic field. The energy evolution of
the first five Landau levels are indicated by dashed lines as marked in the top part of the image.
At fields above B = 3 T the spin splitting becomes clearly visible (peaks marked by ↑ and ↓).
The measured energy width of the low energy peaks is 6.5 meV at B = 7 T (Istab = 2 nA,
Ustab = 350 mV, Umod = 1 mV).
curves, a lock-in amplifier was used at a modulation voltage of Umod = 1 mV and a frequency
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of νmod = 1.4 kHz. Figure 6.4 shows the received spectra of the differential conductivity at
magnetic fields between 2 and 7 T applied perpendicular to the sample surface. All spectra
have been recorded at the same lateral position at a temperature of 5 K. The dashed line in
figure 6.4 marks the energy evolution of the Landau levels with increasing of the magnetic
field. At fields above B = 3 T, the spin splitting of the Landau levels becomes visible as a
peak splitting most obvious for the states at lowest energy. The energy distance δE of the
different spin levels at a field of B = 7 T amounts to δE = 17 meV. This distance is given by
δE = gµBB, (6.1)
where g is the Landé g-factor and µB represents the Bohr magneton. So the measured data
leads to a g-value of |g| = 41, which is in reasonable agreement with values from literature
[85]. The energetic full width at half maximum of the lowest energy peaks at B = 7 T is
∆E = 6.5 meV. This is considerably larger than the optimal value for the energy resolution of
∆E = 2.8 meV resulting from equation 2.17. This difference is probably caused by lifetime
effects [86], which result in a broadening of the peaks. A better way to calibrate the energy
resolution of the system would be the measurement of the band gap of a superconductor as
done before at other systems and lower temperatures [15]. Unfortunately this is problematic
at temperatures around 5 K, so the only thing to present at this moment is an upper bound of
the energy resolution of ∆E = 6.5 meV.
7. Graphene-Nanomembranes
In this chapter, the main measurements on a graphene sheet will be shown. The preparation
and the layout of the used sample is described in chapter 3.2. All measurements in this chapter
were done at a temperature of 5 K unless specified otherwise.
7.1. Observations
During the STM-measurements on graphene it became obvious that certain regions of the
flake could be influenced by the STM-tip. This happened always inside valleys of the flake
corrugation and there were two different kinds of behavior observable.
7.1.1. Continuous Movement
In several valleys it could be seen that the flake moved constantly upwards towards the tip
during measurement depending on the tunneling parameters such as voltage and tip-sample
distance. On these areas, it was possible to achieve stable tunneling conditions at any time and
any tip-sample distance. Decreasing the tip-sample distance simply lead to a lifting of parts
of the graphene flake as shown in figure 7.1. This movement also was totally reproducible
Figure 7.1.: 3D representations of an atomically resolved monolayer graphene at different
tip-sample distances. (a) At a large distance (U = 1 V, I = 0.1 nA) no deformation is visible.
(b) At an intermediate distance (U = 0.7 V, I = 1 nA), the valley starts to flatten. (c) At small
distances, a hill appears in the center of the valley (U = 0.4 V, I = 2 nA).
so that an increase of the tip-sample distance again lead to the same images as before. Upon
closer inspection, one can also see a change in the atomic pattern of the lifted area. While in
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the surrounding region, the hexagonal structure of the graphene is clearly visible, on the lifted
area one can only see a threefold symmetry as known from multilayer graphene or graphite.
This is shown in detail in figure 7.2. Figure 7.2(a) shows the same area as seen in figure 7.1(c).
Figure 7.2.: (a) Atomically resolved STM image of a graphene surface consisting of relaxed
(hills) and a stressed area (lifted valley). The ball model explains the broken symmetry be-
tween A (blue balls) and B (orange balls) lattice of graphene due to compressive stress. (b)
Magnification of the dotted area marked in (a). The changing atomic arrangement from re-
laxed (hexagons) to stressed (triangles) graphene areas can be identified.
The lifted part of the membrane is surrounded by non-lifted hills. Figure 7.2(b) highlights the
hexagonal symmetry on the surrounding area and the three-fold symmetry inside the valley.
Along the black line in figure 7.2(b) the changing atomic arrangement can be identified. It
is clearly visible that the bumps within the lifted area do not appear within the center of the
hexagons, but at one of the atomic sides providing a symmetry breaking between the A and
B sublattices. This may be explained by a change into a zig-zag arrangement of the atoms
induced by the atomic stress as presented by the ball models in figure 7.2(a).
7.1.2. Snapping Movement
A much more frequent behavior of the valleys was a spontaneous snapping of the valley area
towards the tip, which is shown in figure 7.3. In this case a stable tunneling on these regions
was not possible using standard tunneling conditions (bias voltages around 1 V and current
setpoints arount 1 nA). The noisy behavior in the image origins from an interaction of the
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Figure 7.3.: Several snapping areas on a graphene flake (50× 50 nm2). The snapping always
occurs inside the valleys of the flake.
STM-feedback with the graphene flake. During the snapping the measured current increases
rapidly by several orders of magnitude so that the feedback retracts the tip immediately. This
leads to a decrease of the forces between tip and sample and, therefore, to a return of the
valley to its initial position. When the feedback approaches the tip again, the flake snaps again
towards the tip and the procedure repeats. As shown in figure 7.4 it is only possible to achieve
stable tunneling conditions on these regions using rather extreme high tunneling currents and,
therefore, small tip-sample distances.
7.1.3. Measurement of Hysteretic Behavior
For these measurements, the STM tip is positioned above a snapping area at tunneling pa-
rameters where the valley is still in the lower position. By taking I(z)-curves as described
in chapter 2.3.2 one achieves a curve like it is shown in figure 7.5. When the tip-sample dis-
tance is decreased, the tunneling current first shows a constant growth, which is by a factor of
two larger than the expected exponential behavior. This is due to the graphene flake slowly
moving towards the tip. At a certain distance the behavior changes dramatically when the
tunneling current increases about three orders of magnitude. This can only be explained by a
spontaneous snapping of the membrane of roughly 300 pm into its upper position. Once the
membrane has reached this position the tunneling current shows a normal exponential behav-
ior upon further decrease of the distance, which indicates that force induced by the tip is too
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Figure 7.4.: Constant-current images of a graphene area taken at different tip-surface dis-
tances. For all images the bias voltage was set to U = 1 V and the current setpoint varies
between 300 pA and 400 nA. At large tip sample distance (a) stable imaging is possible with
the membrane resting in its undeflected position. (b)-(d) At a decreased distance, a part of
the valley exhibits unstable behavior visible as spikes. (e)-(h) Higher current leads to stable
imaging again, but the valley has turned into a hill. (i) At very high currents the hill begins to
smear out due to the surrounding area being lifted as well.
small to move the membrane further.
Increasing the tip-sample distance again leads to a similar spontaneous decrease in the tun-
neling voltage until the curve reaches its original value. This back snapping does not happen at
the same position the first snapping happened, but at a larger tip-sample distance. The spacing
between the two incidences is about 50 pm. This behavior is totally reproducible, whereas the
position where the snapping occurs slightly varies by ±15 pm.
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Figure 7.5.: I(z)-spectrum revealing hysteretic behavior (Stabilization at 1 V and 100 pA).
The black (red) line indicates the movement of the tip towards (away from) the sample. At a
certain tip-sample distance, the membrane spontaneously snaps, which results in a change of
the tunneling current of three orders of magnitude. The light areas indicate the variation in
the distance, where this snapping occurs.
7.1.4. Sample Curvature and Lattice Constant
Measuring the lattice constant of the graphene sheet, one gets significantly different values
depending on the position of the measurement. On a hill, the lattice constant seems to be
Figure 7.6.: Difference of the lattice constant on hills and valleys. (a) Topographic image
(U = 1 V, I = 0.1 nA) of an area on the graphene flake (top) and high pass filterer image
of the same region. The positions, where the lattice constants were measured on the hill (1)
and in the valley (2) have been marked. (b) Model of tilted pz orbitals to explain the different
lattice constants.
about 14% larger than in the center of a valley. This is shown in figure 7.6. The upper
image of figure 7.6(a) shows a region of the graphene flake which includes a valley and a hill.
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These regions have been marked by black circles. The same region is shown im the image
below filtered by a high pass to get rid of the rippling, leaving only the atomic corrugation.
Averaging over these marked areas leads to lattice constants of ag = 0.25 nm on the hill and
ag = 0.22 nm in the cventer of the valley. This difference can be explained quantitively by
a model of tilted pz-orbitals within the curved surface of the graphene, which is illustrated in
figure 7.6(b). Since an STM is sensitive to the local density of states, the atoms seem to move
closer inside the valleys compared to the hills. For this calculation, an effective pz-lenght of
0.26± 0.05 nm was assumed, in accordance with theory [87].
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7.2. Analysis
To analyze the behavior of the graphene flake, it is necessary to determine several important
parameters first. These parameters, which are needed to apply a consistent model, are the ab-
solute distance between the tip and the graphene flake and the contact potential. The following
sections will show, how these values have been determined.
7.2.1. The initial Tip-Graphene Distance
The absolute distance between tip and graphene is a parameter, which is normally not impor-
tant for many STM measurements, because the change in the measured current only depends
on the relative change of the tip-sample distance and not on the absolute value. Nevertheless
it is necessary for the calculations presented in this thesis because the strength of the forces
do depend on the the total distance. In principle, the distance obtained after stabilization, z0tg,
could be determined by decreasing the distance between tip and sample until the conductance
reaches the conductance quantum G0 = 2e2/h [39]. Unfortunately, in this case the graphene
is lifted during the tip approach even on the stable reference positions, which leads to a sig-
nificantly too large decay constant κ extracted from I(z)-spectra, which have been measured
systematically on the graphene surface. The obtained values were about twice as large as
expected and would lead to an increase of the tunneling current of a factor of 70 during an
approach of 1 Ångstom. Therefore, the only access to the total distance z0tg is a calculation of
the decay constant κ and an extrapolation of the exponential behavior of the conductance with
respect to the distance. To model the decay constant κ(U), a planar tunneling junction with a
correction factor ξ is used [88]:
κ(U) = ξ
√
2me
~2
(
φeff −
∣∣∣∣eU2
∣∣∣∣). (7.1)
The effective work function φeff = (φgr + φt)/2 = 4.89 eV has been calculated using the
known graphene work function of φgr = 4.66 eV [89] and a tip work function of φt = 5.11 eV
derived from the measured contact potential as show in the next section. The correction fac-
tor ξ = 1.06 has been determined by fitting I(z)-curves measured with the same microtip
on Au(111) by equation 7.11. Using equation 7.1, one can now extrapolate the exponential
behavior of the conductivity using the stabilization parameters Us = −0.6 V and Is = 200 pA:
Is
Us
=
2e2
h
exp
{−2κ(Us)z0tg}
⇔ z0tg = −
1
2κ(Us)
ln
{
1
G0
Is
Us
}
. (7.2)
For the specified stabilization parameters, this calculation results in a values of κ(Us)=11.6 nm−1
and z0tg=0.56 nm.
1Work function of gold: φAu = 5.31 eV [90]
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7.2.2. Determination of the Contact Potential
As shown in chapter 2.4 the work functions of the involved materials play an important role
in the calculation of the electrostatic force. Normally this parameter is nor accessible in STM
measurements, but the reaction of the sample to external forces gives us a possibility to de-
termine the difference of the work functions of graphene and the tungsten tip. Therefore,
several I(U) spectra on stable and unstable areas of the graphene flake have been averaged as
shown in figure 7.7. Since the measured current is proportional to exp(−2κ(U)z) with z being
Figure 7.7.: Determination of the work function difference of the graphene sheet and the used
tungsten tip. (a) I(U)-curve (Ustab = −0.3 V, Istab = 100 pA) recorded on a valley (red)
and on a hill position (black) as marked in the inset. (b) logarithmic plot of the ratio of the
two I(U) curves being proportional to the deflection z+(U). The minimum marks the contact
potential UC; blue line: parabolic fit.
the tip-sample distance and κ being the electron’s decay constant, one gets the following two
equations for the two cases:
I0(U) ∝ exp(−2κ(U)zstab) (7.3)
for the stable position, and
I(U) ∝ exp(−2κ(U)(zstab − z+(U))) (7.4)
for the unstable position. zstab denotes the stabilization distance and z+(U) is the distance of
the flake movement. For the sake of simplicity, we neglect the voltage dependence of zstab.
Since all other parameters are identical, the proportionality constant is the same and dividing
the two equations by each other leads to:
I
I0
= exp(2κ(U) · z+(U)) (7.5)
Plotting this on a logarithmic scale as shown in figure 7.7(b) leads to a value roughly pro-
portional to the defection of the flake. The small dependence of the parameter κ(U) on the
7.2 Analysis 73
applied voltage is neglected in this case since it does not change the position of the minimum.
From this calculations one gets a minimum deflection at an applied voltage of Uc=-0.45 V
which marks the contact potential of the two materials. Taking the value of 4.66 eV for the
work function of graphene [89], this leads to a tip work function of 5.11 eV.
7.2.3. Excitation of the Oscillations
Since the membranes show a strong reaction to the forces induced by the tip, it should be
easily possible to excite oscillations of these membranes by applying a periodic force. This is
most easily done by keeping the tip at a constant position and applying an ac-voltage to the
tunneling junction. The basic resonance frequency ν0 of a clamped membrane is given by
ν0 =
h
4r
√
pi3E2D
3m0(1− s2) , (7.6)
where h and r denote the membrane thickness and radius, E2D the two-dimensional elastic
modulus, m0 the mass of the membrane and s the Poisson ratio. Using the known values
E2D=340 N/m [27], membrane radius r = 2.58 nm, and m0 = 1.59 × 10−23 kg (800 carbon
atoms) and assuming HOPG values for thickness h = 0.335 nm and Poisson-ratio s = 0.16
[91] leads to a value of ν0 ' 430 GHz. This is far above the frequencies we are able to apply
with our current setup, so at a frequency in the range of 1 kHz the membrane should directly
follow the applied force without any reasonable phase shift.
The tip position is marked in the lower inset in figure 7.8(b) as a white circle in the center of
the membrane, which is indicated by the black dotted line. The white circle in the lower left
corner of the images indicates the position of the reference measurements, where no snapping
behavior was observed. The stabilization current on the membrane of Istab = 0.2 nA was low
enough to avoid snapping of this area. In addition to the applied bias voltage of Udc=-0.3 V
from the STM electronics, an ac-voltage of ν = 1.4 kHz and a varying amplitude U0 is applied
to the tip using the sine generator of a lock-in amplifier. Figure 7.8(a) shows the applied ac-
voltage (blue) and the corresponding current response on both positions. On the reference
position the measured signal is also a perfect sine, which origins from the capacitive crosstalk
resulting in a phase shift of 90◦. At the membrane, an additional in-phase signal, non-linear
with respect to Umod(t), indicates the membrane movement. To measure the deflection of the
membrane, the same lock-in amplifier is used, which provides the input signal. The upper
inset of figure 7.8(b) shows the measured lock-in amplitudes for the membrane (red) and the
reference position (black) with respect to the amplitude of the modulation voltage Umod(t).
As one can see the signal on the membrane increases much faster due to its movement. The
output signal of the lock-in amplifier can be described as an integrative time averaging over one
period T of the corresponding input signal multiplied by the normalized reference signal, e.g.
a cos(2piνt)-function. To get rid of unknown proportionality constants, for further calculations
the ratio of the two lock-in signals is used:
rLI =
∫ t+T
t
I(t) cos(ωt) dt∫ t+T
t
I0(t) cos(ωt) dt
. (7.7)
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Figure 7.8.: Excited oscillation of a nanomembrane by an ac-voltage. (a) Current response
(black: hill, red: valley) to an oscillating tip voltage Umod = U0 · cos(ωt) (blue) measured
at reference (hill) and on the nano-membrane (valley). (b) Upper inset: in-phase lock-in
signal recorded on reference (black) and nano-membrane (red). Main: ratio of the two lock-
in signals rLI from the upper inset (symbols) in comparison with a fit using the model of a
prestrained clamped membrane (blue line) [27]. Right and upper scale show the deduced
deflection amplitude ∆z (right axis) and the applied electric field amplitude E0 (upper axis).
Lower inset: STM image with the two measurement positions (white circles) and area of the
membrane (dashed circle) marked.
This ratio is plotted in the main image of figure 7.8(b) with respect to the modulation voltage
Umod(t) as black dots and it is used to deduce the deflection of the membrane numerically.
Therefore, it is necessary to model the measured current I(t) on the membrane and I0(t) on
the reference position, respectively. This can be done as a proportionality
I0(t) ∝ U(t)
3
|U(t)| exp
{−2κ(U(t))z0tg} (7.8)
and
I(t) ∝ U(t)
3
|U(t)| exp
{−2κ(U(t)) [z0tg − z+(Ueff(t))]} , (7.9)
where z+(Ueff) denotes the deflection of the nano-membrane with respect to its position in the
absence of electric field and Ueff(t) is the part of the corrected voltage U c(t) dropping between
membrane and tip. The quadratic dependence of the tunneling current with respect to the bias
voltage is derived from the linear dispersion relation of graphene and has been checked by
according fits to the measured I(U)-spectra. The maximum of z+ called ∆z, is then derived
numerically from the measured rLI and displayed on the right side of figure 7.8(b). In addition,
the electric field between tip and membrane |E| is calculated by
|E| = Ueff
z0tg − z+(Ueff)
(7.10)
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and the corresponding amplitude E0 is displayed on top of figure 7.8(b). The blue curve in
figure 7.8(b) shows a simplified fit of the ∆z(U0)-curve using a model, which has previously
been applied applied in order to fit a static deflection of a graphene membrane induced by
an AFM tip [27]. There, the elastic membrane force is modeled as a force consisting of a
linear response with respect to the deflection due to the pretension and a cubic part describing
the compression of the atomic bonds by the two dimensional Young’s modulus. The van-
der-Waals forces are not modeled explicitly, but they are included within the pretension term.
Using this model, the equilibrium between the electric force caused by the tip and the elastic
force of the membrane is given by:
1
2
∂Cm
∂ztg
(Ueff(t))
2 = −σ2D0 piz+(t)− E2D1.06
z3+(t)
r2
, (7.11)
where σ2D0 denotes the two dimensional pretension, not know a priori and r is the radius of the
membrane. After solving towards z+(Ueff) numerically, the curve ∆z(U0) is fitted taking σ2D0
and the tip radius R, required to model Cm (see eq. 3.3 and 3.6), as the only free parameters.
The excellent fit to the measured data displayed in figure 7.8(b) results in a tip radius of
R = 0.7 nm and a pretension of σ2D0 = 0.62 N/m, which is in good agreement with the value
given by Lee et al. of σ2D0 = 0.07...0.74 N/m [27]. Although this model is oversimplified as
becomes clear in the following section, it gives reasonable results.
7.3. Development of a Model to Explain Reversible
and Bistable Movement
To understand the different types of behavior of the graphene membranes, it is necessary
to take a look at the involved forces, respectively the potential energies. There are mainly
four forces involved. These are the electrostatic force between tip and graphene sheet, which
depends on the applied voltage and the contact potential of the two materials, the van-der-
Waals forces between tip and graphene and between graphene and the SiO2-substrate, and
the retracting, elastic force of the membrane. The corresponding potentials can be calculated
using the equations given in chapter 3.2.5 and assuming realistic geometrical parameters as
described below. Doing this, one achieves the potentials shown in figure 7.9. The van-der-
Waals potentials are given by equations 3.16 calculated numerically for the two cases tip-
graphene and substrate-graphene and the electrostatic potential is calculated by equation 3.2
modeling the system as an asymmetric capacitor with a spherical tip and a circular graphene
sheet of the size of the valley. It had to be taken into account that due to the limited electron
density in graphene only part of the applied voltage drops between tip and graphene sheet and,
therefore, is responsible for the electric force. The rest of the applied voltage drops along the
graphene and leads to a shift of the Dirac cones. The elastic potential of the membrane Φmem is
modeled by a clamped membrane implying Φmem = A ·z4+ withA taken from experiment [27]
and z+ being the membrane deflection. Two minima (two relaxed membrane positions) of two
z4+-curves with origins separated by 0.12 nm are assumed in order to describe the fact that
the membrane is first laterally compressed by lifting with respect to the hills, but is relaxed
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Figure 7.9.: Calculated potential energy Φsum as a function of substrate-graphene distance
zsg at fixed tip-substrate distance. Φsum consists of electrostatic potential Φel, van-der-Waals
potentials between tip and graphene ΦvdW(tg) and SiO2 and graphene ΦvdW(sg), and the elastic
membrane potential Φmem. The two local minima in Φsum indicate two metastable positions.
The definition of distances is sketched at the top.
again after being higher than the surrounding hills. The pretension term [27] is not included
in the model, since pretension is given explicitly by the vdW forces. The geometry of the tip-
graphene-system for the van-der-Waals-calculations is modeled as displayed in figure 3.6, i.
e. a dielectric plane for the SiO2, a metallic circle of cosine shape in vertical direction for the
graphene membrane and a metallic W tip of parabolic shape (central radius: 0.7 nm) [73]. The
summed up potential Φsum in figure 7.9 exhibits two local minima representing the observed
bistability.
The described model has only three free parameters, which can not be measured directly
and, therefore, have to be estimated. These are the radius of the tip apex, the distance between
the two minima of the elastic membrane potential and the distance between the graphene
sheet and the SiO2-substrate. The tip radius has to be between 0.43 nm which would be the
radius of a tetrahedron consisting of tungsten atoms and 2 nm which is the curvature of the
narrowest valleys we found. We use R = 0.7 nm, since this value has already been found to
fit the oscillating membrane and it is in the specified range. Changing this parameter does
not significantly change the results presented below. The distance between the minima of the
elastic membrane potential can be derived from the depth of the valley with respect to the
surrounding hills, but one has to take into account that it is not possible to measure the depth
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without any applied forces. The estimated value of d = 0.12 nm is smaller than twice the
measured valley depth of 0.2 nm, i.e. we assume that the van-der Waals forces of the substrate
already increase the depth of the valley with respect to the case of a suspended graphene
sheet. A much larger value of d than 0.12 nm prohibits the simulation of the membrane’s
bistability. The only remaining parameter is the distance between graphene membrane and
the substrate. There is no possibility to gain any access to this parameter by STM. The only
thing, which can be said is that according to the measured corrugation of SiO2 and graphene
and our model of a partly freely suspended graphene sheet, this distance should not exceed
about 1 nm. Calculating the potentials for different distances zsg showed that the behavior of
the membrane strongly depends on its value. Therefore, different values of zsg are used to
explain the two kinds of membrane movement.
7.3.1. Applying the Model to the Snapping valleys
To model the snapping valleys, a distance between SiO2-substrate and graphene of zsg= 0.9 nm
is chosen. The behavior of the flake under the influence of the tip according to the model is
Figure 7.10.: Model of the interacting potentials for the snapping graphene membranes.(a)
No electrostatic force, the graphene flake would sit inside the left minimum. (b) Applying a
voltage of 1.3 V leads to a deformation of the potential and the new energetic favored position
is about 0.3 nm closer to the tip. (c) Retracting the tip returns the flake to its original position.
shown in figure 7.10. Figure 7.10(a) shows the potential Φsum for the case of no applied
electric field and a total tip-substrate distance of 1.46 nm. At larger distance, the potential
valley at small zsg is favored and, since the potential barrier between the two valleys is still
apparent, we assume that the membrane is located at zsg = 0.9 nm even at zsg +ztg = 1.46 nm.
Keeping the tip at a constant position with respect to the substrate and increasing the voltage
to 1.3 V as shown in figure 7.10(b) transforms the lower minimum into a saddle and, therefore,
leads to a snapping of the membrane into the right minimum. This corresponds to a change
of the tip-graphene distance of about 0.3 nm which would increase the measured tunneling
current roughly by about three orders of magnitude. Increasing the tip-substrate distance (Fig.
7.10(c)), which would be done automatically by a switched-on feedback loop in order to keep
the current constant, results in a reversal of depth of the two potential minima and, thus, leads
to a back-snapping of the membrane into the left minimum. The snapping behavior as well
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as the quantitative increase in tunneling current by three orders of magnitude is in excellent
agreement with the experiment.
7.3.2. Applying the Model to the Continuous Movement
To explain the continuous movement of the membrane during the approach of the tip or by
an applied voltage, it is necessary to choose the value for the graphene-substrate distance to
be smaller than for the snapping movement. In this case the forces between the flake and the
substrate are stronger and it is not possible anymore to reach the other energetic minimum
by the influence of the tip. This behavior is shown in figure 7.11. Figure 7.11(a) shows
Figure 7.11.: Model of the interacting potentials for the continuous movement of the graphene
membranes. (a) Potential Φsum for a substate-graphene distance of 0.63 nm and no applied
electric field. (b) Applying an electric field leads to a slight shift of the minimum, but it is not
possible to reach the right minimum.
the Potential Φsum for a tip-substrate distance of 1.19 nm which corresponds to a graphene-
substrate distance of 0.63 nm and a tip-graphene distance of 0.56 nm as determined in section
7.2.1. Without electric field, this curve differs significantly from the one shown in figure
7.10(a), since it is higly asymmetric due to the stronger influence of the vdW-potential of the
substrate. Applying a Voltage of 1.85 V without moving the tip as shown in figure 7.11 leads
to the appearance of a second minimum, but the energetic barrier between the two minima
prohibits the graphene to snap into the other minimum. The barrier height in this case is
about 16 meV, while the measurement temperature of 5 K corresponds to an energy of only
0.43 meV. Thus, it is not possible for the flake to overcome this potential barrier. Nevertheless,
one can observe a slight movement of the left minimum by the applied voltage. In this case,
at U=1.85 V, the minimum is at a distance to the substrate of 0.66 nm, so the flake has moved
30 pm towards the tip. This is in the same range as the observed movement shown in figure
7.1. Due to the membrane staying in the same energetic minimum, the behavior is reversible.
All this is in perfect accordance with the experiment.
8. Conclusion and Outlook
The first part of this thesis describes the construction of a UHV-system containing a low-
temperature STM. The system consists of three separate Chambers and a 4He-cryostat. The
cryostat allows the application of a three-dimensional magnetic field by combining a 7 T
solenoid magnet, and two split pair magnets of 3 T and 0.5 T, respectively. The satellite cham-
bers contain several facilities for in-situ sample preparation, such as heating stages, a sputter
gun and evaporators. The microscope, which is also designed and built during this work, is
transfered from the central chamber into the cryostat by a special elevator. The microscope
itself features the design invented by S. Pan [12] with an additional sample position stage.
While the maximum size of an image at 5 K amounts to about 860 × 860 nm2, the position
stage allows an accessible area of 1.5× 1.5 mm2. This enables an easier orientation of the tip
on a prestructured sample. The STM features a very compact design resulting in a diameter
of only 26 mm and a total length of 76 mm including the positioning stage. Several measure-
ments have been done on different samples such as gold, HOPG, tungsten carbide and indium
antimonide to obtain the calibration values for the instrument such as the piezo constants, and
to measure the achievable resolution. These measurements lead to a z-noise level at 5 K of
about 300 fmpp, whereas similar instruments operating at these temperatures typically archive
values in the range of a few picometer (e. g. [42]). The energy resolution can only be said to
be smaller than 6.5 meV due to the width of the Landau levels seen in a tip-induced quantum
dot in indium antimonide.
In the second part of this thesis, graphene nanomembranes have been studied using the STM
described above. These nanomembranes occur inside the valleys of a graphene flake exfoli-
ated on top of a SiO2-surface. It has been shown, that it is possible to oscillate the graphene
membranes with an STM-tip by applying an alternating electric field. Two different types of
behavior of the membranes has been observed. Some membranes move continuously due to
the applied field while others show bistability with spontaneous snapping between the two
states including a hysteresis. To describe these types of behavior of the graphene membranes,
a model has been developed, which is in good quantitative agreement with the experiments.
Therefore, the included potentials, such as van-der-Waals potentials, electrostatic potential
and the elastic membrane potential, have been calculated. These calculations show, that the
difference between the two types of behavior originates from locally different distances be-
tween the flake and the supporting substrate. A large distance of about 0.9 nm results in a
bistable membrane while a smaller distance leads to continuous movement.
For future measurements, it would be interesting to excite the oscillations of the membranes
with the actual resonance frequency Since this frequency is in the range of several hundreds of
Gigahertz up to one Terahertz, this would require several changes to the setup, which might be
quite challenging. Also, since the resonance frequency depends on the size of the membrane,
which in my case was relative wide spread and depending on the corrugation of the flake and
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the substrate below, it would be nice to have a better control over this parameter. Recent
measurements have identified a potential candidate for further investigation, since it has been
show, that the snapping behavior also occurs on grown graphene on a Iridium(111)-surface.
Due to the lattice mismatch of Iridium and graphene, the grown layer features a significant
Figure 8.1.: Snapping areas on a grown layer of graphene on a Iridium(111) single crystal.
(a) Moiré-pattern induced by the mismatch of the lattice constants of graphene and Iridium
(U = 0.2 V, I = 5.7 nA). (b) Same area measured with a bias voltage of U = 0.2 V and a
current setpoint of I = 4.8 nA. The image shows snapping areas with the same periodicity as
the Moiré-pattern.
Moiré-pattern as shown in figure 8.1(a). Depending on the tunneling parameters, one can see
a similar movement as described in this thesis (fig. 8.1(b)), but within well defined areas which
have the same periodicity as the Moiré-pattern.
The oscillating membranes could also be of special scientific interest, because of the high
resonance frequency corresponding to vibronic energies in the range of a few millivolts. Since
these energies should be easily accessible by STM, the excitation of these states could be
favorable for quantum-electromechanics, leading to a novel access to the manipulation of
vibons [30, 31].
A. Plug configurations
The following two pages show the plug configurations of the top flange with all electrical
feedthroughs and of the plug directly above the microscope. Further descriptions of these
connections can be found in chapter 5.3. The second row in each table refers to the corre-
sponding connection on the other plug, e.g. the tunneling current is connected to pin #6 at the
top flange and to pin #13 on the microscope plug.
Both sketches are top view as seen when standing in front of the instrument.
I
II
Top flange plug configuration
Pin Mic Description Pin Mic Description
1-A 9 Transport 1-1 4-A - — unused —
1-B 10 Transport 1-2 4-B 8 Scanner -X
1-C 4 Transport 2-1 4-C 3 Scanner +X
1-D 5 Transport 2-2 4-D 1 Scanner -Y
1-E 6 Transport 3-1 4-E 7 Scanner +Y
1-F 21 Transport 3-2 4-F 2 Scanner Z
2-A - Cernox cone I1 5-A 25 Positioning drive #1
2-B - Cernox cone I2 5-B 24 Positioning drive #2
2-C - Cernox cone V1 5-C 29 Positioning drive #3
2-D - Cernox cone V2 5-D 23 Positioning drive #4
2-E 12 Cernox mic I1 5-E 30 Positioning drive #5
2-F 11 Cernox mic V1 5-F 26 Positioning drive #6
2-G 18 Cernox mic I2 5-G - — unused —
2-H 17 Cernox mic V2 5-H - — unused —
2-I - Pt-100 cone 5-I 22 X–Y–table
2-J - Pt-100 cone 5-J 28 X–Y–table
3 16 Tunneling Voltage 6 15 Tunneling current
3S 14 Voltage reference 6S 13 Current reference
III
STM–Plug configuration
Pin Flange Description Pin Flange Description
1 4-D Scanner -Y 16 3 Tunneling Voltage
2 4-F Scanner Z 17 2-H Cernox mic V2
3 4-C Scanner +X 18 2-G Cernox mic I2
4 1-C Transport 2-1 19 - Voltage shielding
5 1-D Transport 2-2 20 - Current shielding
6 1-E Transport 3-1 21 1-F Transport 3-2
7 4-E Scanner +Y 22 5-I X–Y–table
8 4-B Scanner -X 23 5-F Positioning drive #6
9 1-A Transport 1-1 24 5-C Positioning drive #3
10 1-B Transport 1-2 25 5-D Positioning drive #4
11 2-F Cernox mic V1 26 5-E Positioning drive #5
12 2-E Cernox mic I1 27 - — unused —
13 6S Current reference 28 5-J X–Y–table
14 3S Voltage reference 29 5-A Positioning drive #1
15 6 Tunneling current 30 5-B Positioning drive #2

B. Piezo Electrode Capacities
All capacities have been measured several times during the assembly of the microscope. This
data shows the measured values for room temperature (T ≈ 300 K) and for T = 5 K. The first
row displays the capacities measured at the STM–plug and the other two rows are measured
at the top flange including the capacity of the cables.
Scanner Capacities
Due to the lack of a defined ground potential, this table displays the capacity between two dif-
ferent scanner electrodes. The definition of the electrodes is given in figure 5.6. The accuracy
of the measured values is due to the used multimeter in the order of ±20 pF.
Electrodes RT1 RT2 5K
+X / -X 0.90 nF 1.99 nF 1.31 nF
+X / +Y 0.91 nF 1.84 nF 1.15 nF
+X / -Y 0.91 nF 1.81 nF 1.13 nF
-X / +Y 0.92 nF 1.82 nF 1.14 nF
-X / -Y 0.91 nF 1.79 nF 1.12 nF
+Y / -Y 0.91 nF 2.01 nF 1.33 nF
+X / Z 1.82 nF 3.23 nF 1.76 nF
-X / Z 1.82 nF 3.15 nF 1.74 nF
+Y / Z 1.81 nF 3.24 nF 1.79 nF
-Y / Z 1.81 nF 3.16 nF 1.76 nF
V
VI
Capacities of the Piezo Stacks
These measurements include the capacities of the rough positioning drive and of the x–y–table.
All capacities have been measured with reference to the microscope body. The measurements
which include the connecting cables are measured with respect to the top flange, which is
electrically connected to the microscope. The accuracy of the measured values is due to the
used multimeter in the order of ±20 pF.
Piezo Stack RT1 RT2 5K
#1 2.56 nF 2.75 nF 1.09 nF
#2 2.78 nF 2.34 nF 0.96 nF
#3 2.79 nF 2.99 nF 1.13 nF
#4 2.55 nF 2.72 nF 1.07 nF
#5 2.82 nF 2.95 nF 1.13 nF
#6 2.75 nF 2.93 nF 1.12 nF
table X 5.14 nF 5.34 nF 1.94 nF
table Y 5.01 nF 5.20 nF 1.90 nF
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